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Nanowires (NWs) and nanobelts (NBs) have been widely studied and fabricated into on-chip photodetectors,
biosensors, LEDs/lasers, solar cells and computational components. Their highly tunable physical, electronic
and optical properties have generated interest in this field over the past two decades. While there is
tremendous potential for nano-structured devices, the wide spread application of NWs/NBs has been
hindered by the difficulty in integrating multiple NW or NB structures together into more complex devices.
This problem requires a completely novel approach to what has been previously attempted in order to
effectively couple on-chip light sources, waveguides and detectors. Multiple factors must be considered
including optical power of nanoscale light sources, propagation losses in waveguides and responsivity of nano-
scale detectors. Only in combination is it possible to have fully on-chip integrated devices. In this thesis we
report the design, optimization and fabrication of coupled self-aligned NB LED emitters and photodetectors.
An etched cut is made into a single Cadmium Sulfide NB providing the ability to fabricate each section of a
single NB into a separate device. This opens possibilities for on-chip devices such biological sensors. This self-
aligned structure can also be coupled to an external light source. Additionally, we present a method for
waveguideing and modulating second harmonic generation (SHG) in Cadmium Sulfide NBs as a light source
for on-chip measurements. SHG is a coherent and tunable frequency doubled light source so the input laser
does not interfere with measurements on-chip. The ability to reliably fabricate more complex devices with
nano-structures will continue the trend of portability and point-of-care technology by integrating bulk
components such as lasers and photodetectors onto on-chip devices.
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ABSTRACT 
 
II-VI SEMICONDUCTOR NANO-STRUCTURES FOR ON-CHIP  
INTEGRATED PHOTONICS 
Jacob Stern Berger 
Ritesh Agarwal 
Nanowires (NWs) and nanobelts (NBs) have been widely studied and fabricated 
into on-chip photodetectors, biosensors, LEDs/lasers, solar cells and computational 
components. Their highly tunable physical, electronic and optical properties have 
generated interest in this field over the past two decades. While there is tremendous 
potential for nano-structured devices, the wide spread application of NWs/NBs has been 
hindered by the difficulty in integrating multiple NW or NB structures together into more 
complex devices. This problem requires a completely novel approach to what has been 
previously attempted in order to effectively couple on-chip light sources, waveguides and 
detectors.  Multiple factors must be considered including optical power of nanoscale light 
sources, propagation losses in waveguides and responsivity of nano-scale detectors. Only 
in combination is it possible to have fully on-chip integrated devices. In this thesis we 
report the design, optimization and fabrication of coupled self-aligned NB LED emitters 
and photodetectors. An etched cut is made into a single Cadmium Sulfide NB providing 
the ability to fabricate each section of a single NB into a separate device. This opens 
possibilities for on-chip devices such biological sensors. This self-aligned structure can 
also be coupled to an external light source. Additionally, we present a method for 
waveguideing and modulating second harmonic generation (SHG) in Cadmium Sulfide 
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NBs as a light source for on-chip measurements. SHG is a coherent and tunable 
frequency doubled light source so the input laser does not interfere with measurements 
on-chip. The ability to reliably fabricate more complex devices with nano-structures will 
continue the trend of portability and point-of-care technology by integrating bulk 
components such as lasers and photodetectors onto on-chip devices.  
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Figure 1.1 Vision of future nanophotonic devices with 1) power supplies 2) NW lasers or LEDs, 
3) NWs photonic bandgap arrays, 4) filters and waveguides, 5-6) site of sample analysis 7) NW 
photodetectors and 8) microfluidic inputs
4
. 
Figure 1.2 A) Langmuir-Blodgett technique to directionally align Si NWs.31 B) SEM image of 
NW devices. Scale bars are 3 μm (top) and 300 nm (bottom). Due to random dispersal of NWs on 
the sample some NWs are not contacted properly.
30
  
Figure 1.3 A) CdS NW on Si surface. B) End-to-end alignment of NWs allows for efficient in-
coupling. C) Misalignment of NWs will lead to inefficient in-coupling. 
Figure 1.4 Scaling of the building blocks in the natural world. NWs are intrinsically sized to 
probe biological samples. Figure adapted from ref 30. 
Figure 1.5 A) Normal FET device with top gate and B) NW FET device that can be gated by the 
presence of a charge on the surface. C) NW FET device shows an increase in conductance with 
the binding of a charged molecule on the functionalized NW
33
.  
Figure 1.6 A) Fluorescence image of nucleus and chytochrome c in normal cell and in a cell 
undergoing apoptosis. It is difficult to resolve subtle fluctuation in fluorescence contrast that is 
important to understand apoptisis process
49
. B) SEM image of exosomes
57
.  
Figure 1.7 Illustration of device with arrays of NWs to measure samples as they flow through a 
gap between aligned NWs. 
Figure 2.1 Photocurrent gain as a function of effective size. Due to the high aspect ratio in nano-
structures, NWs can achieve very high gain when light interacts with more of the surface.
19
  
Figure 2.2 A) Incident light with energy larger than the band gap can cause band to band 
excitation (black arrows) or excitation from trap states (red arrows) in the semiconductor. B) 
Appling a field to the semiconductor chance can allow for excited carrier to drift in the direction 
of the field and be collected by and external circuit. 
Figure 2.2 A) Incident light with energy larger than the band gap can cause band to band 
excitation (black arrows) or excitation from trap states (red arrows) in the semiconductor. B) The 
excited electron can decay via multiple paths ways. In band-to-band (B-B) recombination, the 
electron can radiatively recombine with a hole in the valence band and emit a photon of energy 
     . An excited electron can also fall into a trap state, where it can non-radiatively 
recombine with a hole, or continue to fall to the valence band. This is called trap assisted 
recombination or Shockley Read Hall (SRH) recombination. The excited electron can also give 
its energy to another electron in the conduction band, exciting it above the conduction band and 
then non-radiatively recombine with a hole in the valence band. C) Appling a field to the 
semiconductor chance can allow for excited carrier to drift in the direction of the field and be 
collected by and external circuit. 
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Figure 2.3 Furnace for grown CdS. The red arrow indicates the direction of Ar flow. The yellow 
arrow points to the location that CdS powder is placed inside the tube. The black arrow points to 
the location where the anneal Si wafer is placed.  
Figure 2.4 Optical setup of measurements. An Argon ion laser (~458 nm) focused into an 60x 
objective (NA = 0.7). Light emitting from the sample was collected via an optical fiber connected 
to the spectrometer.   
Figure 2.5 A) Band diagram of CdS and Au in vacuum. B) Equilibrium band diagram of 
Schottky metal-semiconductor junction formation between CdS and the high work function metal 
Au. A barrier forms due to the mismatch in the Fermi energy. C) Band diagram of CdS and Au in 
vacuum. D) Equilibrium band diagram of ohmic metal-semiconductor junction between CdS and 
a low work function metal like Ti. The band bends downward allowing carriers to easily flow 
from the semiconductor to the metal. 
Figure 2.6 A) Schematic of NW photodetector. Under illumination of light, electrons are excited 
and swept away while holes (orange) are trapped at the surface. B) Equilibrium band diagram of 
NW in atmosphere. The band bends significantly at the surface due to excess trapped charges 
from the absorption of oxygen gas onto the surface. C) Band diagram with photo-generated holes. 
Holes can recombine with trapped surface electrons causing desorption of surface oxygen.
11
 
Figure 2.7 A) CdS NB device fabricated with two ohmic Ti/Au contacts. The IV behavior is 
linear and the device is photosensitive. B) CdS NW fabricated as Schottky diode device. One 
contact is formed by Ti/Au and the other is just Au, forming a Schottky barrier. The choice of 
metal can change the IV behavior demonstrating that the Fermi level pinning does not 
significantly affect CdS. 
Figure 2.8 A) Photoresponse of ohmic CdS NB device when a white light source is turned on and 
off. B) Natural log plot of photoresponse. The decay times can be solved form the slope of the 
curve. The rise time is much faster than the decay, which shows a fast and very slow response.  
Figure 2.9 Change in current as a function of time for a CdS NW while the environment of the 
device changes from atmosphere to 1x10
-5
 torr. The slow increase in current can be explained by 
the slow desorption of oxygen from the surface of the NW. 
Figure 2.10 A) IV curve (blue) and log fit of IV curve (black). The ideality factor n is 1.36. B) 
Response of Schottky diode device to different amounts of white light illumination. C) Log fit of 
response time in B. The rise time was found to be 0.22 seconds and the decay time 0.08 seconds.  
Figure 2.11 A) Illustration of CdS NW Schottky diode. B) IV curve of dark current (black) and a 
logarithmic fit of the current (blue). The ideality factor for this device is 1.38. 
Figure 2.12 A) SEM image of CdS NW diode. The NW is ~210 nm in diameter. B) Scanning 
photocurrent map of CdS NW at 1V reverse bias. C) IV behavior for Ar laser focused on ohmic 
contact, Schottky contact and in dark. D) Scanning photocurrent map of CdS NW at 5V reverse 
bias. The Schottky contact is at the bottom of the map.  
Figure 2.13 A) Optical image of CdS NB with a 60x objective. B-D) Scanning photocurrent map 
of CdS NB at different reverse biases. The Schottky contact is at the bottom of the map.  The 
photosensitive region of the NB expands as the reverse bias in increased. 
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Figure 2.14 Scanning photocurrent map of CdS NW using NSOM. The channel width is 2.5 μm. 
The photocurrent only appears to change close to the ohmic contact (bottom) while it remains 
localized at the top Schottky contact even when the reverse bias changes from 3 to 7V
43
. This is 
sharp contrast to our measurements that clearly show the expansion of the photosensitive are as a 
function of applied bias. 
Figure 2.15 A) Side view and B) perspective illustration of vertical CdS-Si junction on SOI 
wafer. C) Optical image of fabricated device. 
Figure 2.16 A) IV curve of p – n junction photodetector in dark and white light illumination. B) 
Photo-response of CdS – Si detectors to 458 nm Argon ion laser as the laser is turned on and off 
with a mechanical shutter. 
Figure 2.17 A) Equilibrium band diagram of n-CdS – p-Si heterojunction. B) Reverse biased CdS 
– Si junction. When carriers are excited by incident light, electrons are collected faster due to 
their higher mobility. This leaves behind positive holes, creating positive charge accumulation at 
the junction which is balanced by the introduction of electrons from the negative electrode. This 
causes a persistent photocurrent and long decay time.  
Figure 2.18 A) IV curve of p – n – Schottky diode junction photodetector in dark and white light 
illumination. B) Equilibrium band diagram of p – n – Schottky diode junction. A potential well if 
formed making it difficult for electrons of flow in or out of CdS under dark conditions. 
Figure 2.19 A) Photoresponse of a p – n – Schottky diode junction photodetector when the p – n 
junction is in reverse bias at 2V and a 458nm laser is turned on and off. There is still a slow 
response but a larger fast response compared to before.  B) Photoresponse of a p – n – Schottky 
diode junction photodetector when the Schottky diode is in reverse bias at -2V and a 458nm laser 
is turned on and off. The response is now much faster. The decay time is now only 0.13 seconds. 
Figure 2.20 IV measurements on CdS NB photodetectors in A) dark and B) under white light 
illumination before and after cutting part of the device with a FIB. The implantation of Ga has 
likely doped the structure and introduced new sulfur vacancies increase the photoconductivity. 
Figure 2.21 A) Illustration of experiment measuring photocurrent at different position along the 
CdS NB with a 458 nm Argon ion laser. Position 1 is at the site of the FIB damage, position 2 is 
at the center of the NB and position 3 is over the suspended region of the NB. B) Photocurrent 
measured at position 1 before and after the introduction of FIB damage. C) Log plot of figure in 
B. D) Photocurrent measured at position 2 before and after the introduction of FIB damage. The 
current has drastically increased, although the decay time is not improved further from the site of 
the damage.  
Figure 2.22 A) Photoresponse of a p – n – Schottky diode junction photodetector at three 
different positions after the device has been cut with argon plasma.  B) Log plot of photoresponse 
in figure A. The position furthest from the site of the damage has the fastest response time.  
Figure 3.1 A) Equilibrium band diagram form CdS – Si heterojunciton. The junction of CdS and 
Si forms a type II staggered gap heterojunction. B) Band diagram when the junction is forward 
biased. Hole must be forced over a large barrier in order to be injected into CdS. There they can 
radiatively recombine with electrons and emit light. 
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Figure 3.2 A) Core-shell InGaN/GaN NW LED structure with electrodes contacting the n and p 
regions separately on a SiO2 substrate
18
. The p and n junctions are fabricated through the growth 
process. B) Procedure for the fabrication of ZnO NW LEDs by crosslinking pmma
23
. C) Diagram 
of ZnO NW LED structure by using “spin-on glass”24. 
Figure 3.3 A) SEM image of Ti/Au electrode patterned on crosslinked PMMA, attempting to 
contact a CdS NW. The small diameter makes fabrication very difficult. B) SEM image of 
electrode patterned on top of CdS NB after PMMA crosslinking. The dotted region shows where 
a window was opened on the NB to make electrical contact.  
Figure 3.4 A) Optical image at 10X magnification of CdS NB LED. B) Optical image of (A) in 
dark when CdS LED is emitting EL. The white arrow points to waveguided light over 30 μm 
away. C) Optical image at 60X magnification of CdS NB LED. D) Optical image of (C) in dark 
when CdS LED is emitting EL. The EL emission appears from discrete points around the contact 
region. 
Figure 3.5 A-F) Optical images at 60X magnification of CdS NB LED under different applied 
biases from 4 to 5 V. EL is generated at discrete points that change with bias voltage. It appears 
that the EL location may be dependent on the contact with the Si surface. 
Figure 3.6 A) IV behavior of NB LED (black curve) and exponential fit using the ideal diode 
equation (blue curve). The high ideality factor indicates other processes taking place besides 
recombination B) Log-linear plot of IV curves after applying different biases. The current 
increases irreversibly over time. 
Figure 3.7 A) Normalized PL and EL of CdS NB LED. The EL is slightly redshifted due to 
heating. B) EL spectrum as at different bias voltages. The EL intensity initially goes up with bias 
and then comes back down. C) PL taken before and after LED operation. The PL signal decreases 
by almost 60% indicating some damage caused by the operation of the LED.   
Figure 3.8 A) Illustration of CdS NB LED device on SOI substrate. SOI allows the device to be 
easily electrically isolated. B) Optical image of fabricated CdS NB LED device over two 
electrically isolated regions on an SOI substrate. 
Figure 3.9 A) Optical image of CdS NB LED on SOI substrate.  B) Optical image of CdS NB 
LED when the device is turned on. EL can be very strong. C) IV measurement of device. The IV 
looks typical for p – n junction devices with rectifying behavior. The current was fit to the ideal 
diode equation and the ideality factor n = 2.05.  
Figure 3.10 A) IV measurement on CdS NB LED. Current increases over time, similar to before. 
B) EL spectrum of device at fixed bias voltage. Clear red shifting is observed even though bias 
voltage remains constant. The peak around 545 nm is background noise from the room and 
therefore does not move. 
Figure 3.11  A and B) SEM images of CdS NB LED device. After device operation at high 
currents, the CdS appears to have melted.  
Figure 4.1 A) InP NWs aligned by flow mediated assembly through microfluidic channels. Each 
NW is aligned via a separate flow alignment step indicated by the arrows and numbers. B) SEM 
image of devices fabricated through flow alignment. The scale bar is 500nm in A and B. C) IV 
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behavior of crossed NW devices
23
. D) Optical microscope image of NWs aligned by electric 
field
22
. E) Schematic illustration of fabrication process for printed devices with nanostructures
26
. 
Figure 4.2 A) Optical microscope image of NW LED device showing EL on the left and the 
photodetector of the right. B) Photodetector measurement of EL from NW as a function of time. 
C) Baseline corrected measurement from B
18
. Their measurement shows slow decay times and a 
small signal to noise ratio. 
Figure 4.3 A) SEM image of LED and detector. B) Optical image of device under operation. 
Inset is close of up LED NW. C) Current measurements as a function of time will turning on and 
off the LED. D) Detail of response of the device. It shows very fast response to the wavguided 
light
20
.  
Figure 4.4 A) Schematic of self-aligned CdS NB. Half the device is on Al2O3 for the 
photodetector and the other half is contacting p-Si to for a p-n heterojunction for the LED B) 
Optical image of device after fabrication of electrodes. C) Optical image of device after cutting 
the NB using a FIB. The scale bar is 10 μm. 
Figure 4.5 A) Current temporal measurement of CdS photodetector in the dark (black curve) and 
when the LED is turned on (red curve). The device measures photocurrent from the NB LED 
when it is turned on. B) Current temporal measurement of CdS photodetector when the LED is 
forward biased to produce EL (black curve) and when the LED is reverse biased and no EL is 
observed (red curve). Each curve has a distinct shape attributed to either the photo excitation of 
carriers or capacitive coupling conduction mechanism. Notice that when the LED is on there is a 
long decay, characteristic of recombination, while when the device is capacitively coupled the 
decay is very sharp with no tail.  
Figure 4.6 SEM image of Ti/Au electrode deposited onto of crosslinked PMMA. Holes in the 
pmma layer can be seen at the edge of the CdS NB. These voids can lead to shorting in the 
devices. The scale bar is 5 um.  
Figure 4.7 Schematic of self-aligned emitter-detector device. Etched SOI electrically isolates 
each region to prevent shorting between the two components. Each pair of electrodes can act as a 
separate device, either an LED in forward bias a photodetector in reverse bias. 
Figure 4.8. Optical image of cracking in PMMA after 350nm of Ti/Au deposition via electron 
beam evaporation. Cracking is likely cause by stress in PMMA due to temperature mismatch 
between the evaporated metal and the PMMA. 
Figure 4.9 A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 488 nm filter showing PL from CdS NB. C) Bright field optical image CdS after cut 
is made with FIB. D) Optical image with 488 nm filter of CdS NB after FIB cut. Clearly the PL is 
weaker after FIB. The scale bar in all the images is 25 um. 
Figure 4.10. A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 488 nm filter showing PL from CdS NB. C) Bright field optical image CdS after cut 
is made with FIB with PMMA coating. D) Optical image with 488 nm filter of CdS NB after FIB 
cut with PMMA coating. PMMA helps protect the NB from the FIB damage. The scale bar in all 
the images is 25 um. 
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Figure 4.11 EDS point scan of CdS NB very close to FIB cut. Inset is TEM image with location 
of the point scan. A significant amount of Ga can be measured close to the edge of the FIB cut. 
EDS taken by Rahul Agarwal. 
Figure 4.12 EDS point scan of CdS NB near FIB cut. Inset is TEM image with location of the 
point scan. Even only ~30 nm from the location of the cut, very little Ga is observed. EDS taken 
by Rahul Agarwal. 
Figure 4.13 A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 408 nm filter showing PL from CdS NB. C) Bright field optical image CdS after cut 
is made by HCl etching. The red circle indicates where the NB was etched. D) Optical image with 
408 nm filter of CdS NB after etching with HCl. The PL does not seem to change dramatically. 
The scale bar in all the images is 25 um. 
Figure 4.14 A) SEM image of damage cause by AFM tip while attempting to cut the CdS NB 
mechanically. The NB is ~400 nm thick. The scale bar is 5 μm. B) Bright field optical image of 
as CdS NB on SiO2 substrate that was cut by high intensity femtosecond laser. B) Optical image 
with 408 nm filter showing PL from the same CdS NB. The scale bar is 20 μm. 
Figure 4.15 A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 488 nm filter showing PL from CdS NB. C) Bright field optical image CdS after cut 
is made by argon plasma. Some pmma residue can be seen on the top cut. D) Optical image with 
488 nm filter of CdS NB after etching with an argon plasma. The PL does not seem to change 
dramatically. The scale bar in all the images is 40 μm. 
Figure 4.16 A) Relative PL intensity loss at the site of the Argon (black curve) or FIB (red curve) 
cut as compared to bulk NB PL. B) SEM image of cut in NB made by FIB. A residue of pmma 
seems to remain on the surface. The scale bar is 2 μm. C) SEM image of cut in NB made by 
argon plasma. There appears to be less pmma residue of on the surface. The scale bar is 2 μm.  
Figure 4.17 A) Optical image of device under white light and (B) in dark showing EL from NB.  
The scale bar is 15 μm. C) IV curve of CdS LED. EL begins to appear around -3.5V. The inset 
shows a schematic of the device design.  D) Comparison between EL and PL spectrum. The EL is 
slightly redshifted due to heating, but free of another other defect peaks. 
Figure 4.18 A) IV curve of NB photodetector in the dark (red) and under uniform white light 
illumination (black). The inset shows the leakage is slightly lower in the positive bias region. B) 
Optical image of NB with laser spot. The scale bar is 5 μm. C) Scanning photocurrent map of 
CdS NB detector. Photocurrent is only measured when the Ar laser is incident on the NB. 
Figure 4.19 A) Optical image of device under 10x magnification.  The black and red circles 
represent different points at which the EL spectrum was measured. The scale bar is 5 μm. B) EL 
spectrum at black and red points. The red curve is clearly red-shifted and attenuated. This is 
indicative of waveguided EL propagating along the structure. 
Figure 4.20 Photocurrent measured from the NB photodetector as a function of time. When the 
LED is on the photocurrent rises drastically. The red arrow indicated the time at which the 
opposite polarity bias was applied to the LED yielding no emission and no detection. 
Figure 4.21 A) Temporal photocurrent measurement from the align NB photodetector. When the 
LED is on the photocurrent falls indicating photocurrent. When the reverse bias is applied and no 
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LED emission in observed, no photocurrent is measured. B) Dark IV behavior of detector. Large 
leakage current in the device may be due to FIB damage. 
Figure 4.22 Device made on SOI with native oxide. A)  Temporal photocurrent measurent from 
the align NB photodetector. When the LED is on the photocurrent rises indicating photocurrent. 
B) Dark IV behavior of detector. Diode shows good rectifying behavior with an ideality factor n 
of 1.85. 
Figure 4.23 SEM images of broken CdS NWs that rest over the etched regions of an SOI wafer.  
Figure 5.1 A) Dose or energy deposition of different radiation sources as a function of depth in 
water, which is a close approximation to human tissue. Proton beams show a clear Bragg peak 
deep in the water were they lose most of their energy. This is useful for treating tumors in deep 
tissue. B) A spread out Bragg peak (SOPB) can be formed by combining proton radiation using 
different energy beams
16
.  
Figure 5.2 Cell survival fraction as a function of dose for a x-ray source and different energy 
carbon beams. The energy of the beam clearly impacts cell survival
5
. 
Figure 5.3 Simulation of microscopic dose delivered by different sources. In all cases the average 
energy deposited it the same, 2 Gy, yet the distribution of energy is very different depending on 
the type of radiation and the energy of radiation
7
.  
Figure 5.4 A) SEM image of Schottky NW device. The CdS NW is 213nm in diameter. B) 
Illustration of reverse bias Schottky junction. Incident radiation will excite carriers that can be 
collected by the built in field.  
Figure 5.5 Setup of experiment with clinical proton beam. A sample wirebonded to a ceramic 
chip carrier was placed in a sample holder under the proton beam. The red arrow indicated the 
source of protons. Solid water was placed on top of the device to simulate differ points along the 
Bragg peak. A box with switched was used to control which devices were measured. The current 
measured by the device was amplified and measured by the computer. 
Figure 5.6 A) Ion induced current as a function of time. The peaks correspond with the turning 
on the ion beam. B) Total integrated charge measured for different doses and position on the 
SOBP indicated by the inset.  
Figure 5.7 A) Background noise when no device is connected. B) Detail of background noise. 
The period of t he noise is the same as the period of the beam. This may be able to be filtered out 
by correlated double sampling.  
Figure 6.1 A) Two photon absorption process.  Electrons are excited to real states and emit as 
photoluminescence. B) Second harmonic generation where electrons are excited to a virtual state 
so the output photon is exactly 2ω and the process is very fast10. 
Figure 6.2 A) SEM image of CdS NB. θ described the angle of incidence with respect the the 
edge of the NB. The scale bar is 10 μm. B) SHG observed from center of NB at point C, no 
waveguiding is observed at the edges. C) Fundamental wave incident at point L and SHG observe 
at both point L and waveguided to point R. 
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Figure 6.3 A-C) Optical images of directional edge scattering of SHG off different edges of a 
CdS NB. 
Figure 6.4 A) Measured spectrum from fundamental wave at 980 nm when the fundamental is at 
position L and SHG is measured at L (L-L) and when the fundamental is at position L and SHG is 
measured at R (L-R). The spectrum shows a strong two photon photoluminescence (PL) and SHG 
peak at L-L and a red-shifted PL peak and a weaker SHG peak at L-R. This indicates that PL is 
waveguided due to band edge absorption and that fundamental is also waveguided and excites PL 
at the R edge, otherwise it would be absorbed. B) Measured spectrum from fundamental wave at 
1011 nm for position L-L and L-R. The spectrum at L-L shows one peak, much narrower that the 
PL peak in A, indicating it is just SHG. The L-R spectrum shows two peaks, which indicates that 
there SHG is being coupled to a cavity mode. C) Measured spectrum from fundamental wave at 
1018.5 nm for position L-L and L-R. The spectrum for L-L shows a SHG peak with a clear 
shoulder, indicating the presence of a cavity mode. The spectrum at L-R shows a slightly red-
shifted and narrower peak which is the SHG being completely coupled to the cavity mode. 
Figure 6.5 A) Output SHG at R-edge of the NB when the fundamental wave polarization is fixed 
at 0° and polarization at the R edge is either at θ=0° (TE, black) or θ=90° (TM, red). Clearly the 
output SHG is TM polarized. This indicates that the TE polarized fundamental wave can excite 
TM polarized SHG in the NB. B) Spectrum at L-L and L-R as a function of fundamental wave 
polarization. At L-L (red) the strongest SHG is at 90° corresponding to the d33 component of 
     and much weaker at 0° corresponding to the d31 component. This is in contrast to 
what we observe at L-R (black) where SHG is strongest at 0° and weakest at 90°. This 
helps confirm that the SHG measured from the R point is waveguided and not scattered, 
otherwise both the red and the black curve would follow the same path. Since in-couple is 
most efficient at 0°, L-R is strongest at 0°, even though it should be strongest due to the 
larger d33 component. 
Figure 6.5 A) Output SHG at R-edge of the NB when the fundamental wave polarization is fixed 
at 0° and polarization at the R edge is either at θ=0° (TE, black) or θ=90° (TM, red). Clearly the 
output SHG is TM polarized. This indicates that the TE polarized fundamental wave can excite 
TM polarized SHG in the NB. B) Spectrum at L-L and L-R as a function of fundamental wave 
polarization. At L-L (red) the strongest SHG is at 90° corresponding to the d33 component of 
     and much weaker at 0° corresponding to the d31 component. This is in contrast to 
what we observe at L-R (black) where SHG is strongest at 0° and weakest at 90°. This 
helps confirm that the SHG measured from the R point is waveguided and not scattered, 
otherwise both the red and the black curve would follow the same path. Since in-couple is 
most efficient at 0°, L-R is strongest at 0°, even though it should be strongest due to the 
larger d33 component. 
Figure 6.6 A) SEM image of tapered CdS NB. Scale bar is 10 μm. B) SHG as a function of 
propagation length, or different position measured along the tapered edge. The phase matching 
can be determined by fitter the curve with equation 6.5. 
Figure 6.7 A) Simulated mode evolution (electric field) along the waveguide when a Gaussian 
beam at 1036 nm (TE) was incident upon one edge. B) Simulated electric field distribution of 
TE,3 with three antinodes in the y-direction. This simulation uses a dipole source in the NB. C) 
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Simulated magnetic field distribution of excited SHG signal by TE,3 in B, showing six antinodes 
(or maxima) in the y-direction (TM2,6). 
Figure 6.8 A) Coherent length (lc) for different FW and SHG waveguide modes. B) Mode 
overlapping () for different FW and SHG waveguide modes. C) SHG amplitude (lc) for 
different FW and SHG waveguide modes. While other combinations of TE and TM modes may 
give a larger coherence length or better mode overlapping, only when they are both strong will 
SHG be stronger at in the case of TEω,3 and TM2ω,6. The excitation wavelength was tuned at 1036 
nm. 
Figure 6.9 Photocurrent modulated SHG output at the R-edge (L-R). A) SHG output when Ar
+ 
laser was switched ON and OFF while the device was at 0 V. No change is seen in the SHG 
signal. Inset: Illustration of the device. B) SHG output as a function of photocurrent. Photocurrent 
in either direction leads to a reduction in SHG. C)  SHG and current modulation by switching 
Ar+ laser ON/OFF with the bias voltage of 10 V. The SHG signal is modulated by the change in 
photocurrent. (d) Photoluminescence redshift in response with photocurrent, indicating heating 
taking place inside the NB. This can cause a change in the phase matching conditions in the NB 
and leading to a reduction in SHG. 
Figure 6.10 SHG measured at the R edge as the temperature controlled by a heater is increased 
from 300 to 340 K. The SHG is observed to go down confirming our earlier hypothesis that the 
photocurrent induced heating is cause a change in SHG and not the current itself.  
Figure 6.11 Illustration of on-chip CdS NB device using SHG to measure absorption. In-couple 
waveguided fundamental light can be frequency doubled and used as a light source. Using 
frequency double light has the advantage that the input beam is at a different wavelength than the 
output, allowing the laser not to interfere with the detector. Additionally, SHG can be tuned to 
multiple wavelengths so a multi-wavelength absorption can be collected. 
Figure 7.1 A) ZnO – Si side view structure and equilibrium band diagram. B) ZnO side view 
structure and equilibrium band diagram when there is an oxide layer in between ZnO and Si. 
Holes can directly tunnel into ZnO from Si with the addition of an oxide layer
5
. 
Figure 7.2 A) Structure of plasmonic CdS cavity. B) Different decay pathways for normal 
excitons and hot excitons in CdS. C) Simulated magnetic field distribution inside photonic CdS 
NW and D) plasmonic NW (d =140 nm). E) Time-resolved integrated emission intensity for 
plamonic and F) photonic NWs. Plasmonic NWs have a 10
3
 enhancement in their decay time over 
photonic wires
9
. 
Figure 7.3 A) Illustration of self-aligned device embedded in PDMS microfluidics. Samples can 
flow through the alignment emitter detector to measure absorbance. B) Expected data that we can 
collect for samples with different concentrations.   
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CHAPTER 1 INTRODUCTION  
 
1.1 Materials at the Nano-Scale 
Understanding material properties at the nano or atomic-scale is essential to designing 
the modern world around us. Without knowing how the building blocks operate, how can 
we construct a building, let alone a processor with a billion transistors? As an analogy, if 
we didn’t understand how cells work, could we effectively design antidotes or treatments 
for diseases? I recognize that I am stating an obvious problem, but this is not a trivial 
question to answer. One method to approach this problem has been the development of 
tools and measurement techniques to investigate the nano-scale world (i.e. electron 
microscopes, atomic force microscopes, scanning tunneling microscopes and high 
intensity lasers). This method of measurement enables the understanding of bulk 
materials at the nano-scale. Only in the more recent past has it become clear that 
materials display very different properties when they themselves are only nanometers in 
size. For example, the optical properties of gold nanoparticles (<50 nm) are very different 
at the nano-scale, displaying a wide range of colors from red to blue, which can be 
harnessed as biological sensors
1
. Bulk silicon (> 10 nm) has an indirect band gap, 
although when it is quantum confined, like in porous Si, it becomes a direct band gap 
semiconductor and it can fabricated into a light emitting diode (LED), a feat not yet 
accomplished with bulk Si
2
. Metallic nanowires (NWs) with diameters less than a few 
hundreds of nanometers display close to ideal strength compared to larger metallic 
structures
3
. Investigating properties at the nano-scale open opportunities to discover new 
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physics and new applications for those structures. In this thesis I will focus on the 1-
dimensional NW and nanobelt (NB) structures for novel applications for on-chip devices. 
1.2 Nano-Structure Devices 
Since the early 1990s, research in 1-D nanostructures like nanowires (NWs) has 
grown quickly from only a few publications each year, to thousands.
4
  This can be 
explained by the unique optical
5–7
, electronic
8,9,10
, and mechanical
3,11,12
 properties of 
these materials as well as the relative ease in synthesis. As opposed to the growth of 
single crystalline Si wafers requiring large and expensive equipment, a wide variety of 
single crystal NWs can be grown in a simple furnace. This has led to the development of 
a number of novel nanowire based devices such as lasers
5,13–15
, LEDs
16–19
, solar cells
20–22
, 
thermoelectrics
23
, waveguides
24,25
, switches
8,26
 and biosensors
9,27,28
. The wide variety of 
applications speaks to the versatility of NW properties. For this reason there was a great 
deal excitement that NWs could lead to innovations such as on-chip computing
29
 or on-
chip tools for chemical analysis (fig. 1)
4
.  
 
Figure 1.1 Vision of future nanophotonic devices with 1) power supplies 2) NW lasers or 
LEDs, 3) NWs photonic bandgap arrays, 4) filters and waveguides, 5-6) site of sample 
analysis 7) NW photodetectors and 8) microfluidic inputs
4
. 
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We are still yet to realize this vision and the reason is quite logical; it’s hard to make 
integrated circuits (ICs) with NWs. Currently ICs are made by a top-down approach, 
starting with a uniform Si wafer that can be selectively etched away. This approach 
depends on the fact that the wafer is the same everywhere, therefore the process can be 
scaled up easily. NWs require the opposite approach, bottom-up
30
, where we start by 
depositing the NWs on the surface and build the device from the bottom up, as the name 
implies. The problem lies in the fact that NWs on the surface of a wafer are not the same 
everywhere. Typically the transfer of NWs on the surface of a wafer is highly non-
uniform. This presents a major problem, how can extremely small and dense devices like 
ICs be fabricated from structures that are difficult to spatially control? The Lieber group 
developed a Langmuir-Blodgett technique that has attempted to tackle this problem
30,31
. 
This method involves using the surface tension developed at the air water interface to 
squeeze the randomly oriented NWs together such that they are force to align along the 
long axis (fig. 1.2a). 
 
Figure 1.2 A) Langmuir-Blodgett technique to directionally align Si NWs31. B) SEM 
image of NW devices. Scale bars are 3 μm (top) and 300 nm (bottom). Due to random 
dispersal of NWs on the sample some NWs are not contacted properly
30
.  
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This has allowed the fabrication or large scale arrays of aligned NWs, although the 
method is still random in the sense that NWs are not actively placed in a specific region, 
rather based on the density of NWs on the surface and the pressure applied via the 
Langmuir-Blodgett technique the average spacing can be determined. This method is 
mostly successful in contacting NWs if a regular array of electrodes is patterned by 
photolithography, although it is not perfect and sometimes there is no NW to contact (fig. 
1.2b). This demonstrates a highly scalable method to orient individuals NWs. Yet there 
are still significant problems for use as integrated devices. Whang et al. notes that these 
devices suffer from “poor end to end registry”31. Unfortunately this may be the most 
critical aspect of integrated optical devices. Without end-to-end alignment it is inefficient 
to couple light from one component to the next and losses will dominate (fig. 1.3).  
 
 
One group has attempted to solve this problem by fabricating waveguides between 
on-chip emitters and detectors, although that process is not scalable and doesn’t allow for 
more interesting applications such as on-chip sensors
32
. In the course of this thesis we 
will attempt to address this problem by the fabrication of completely end-to-end self-
aligned Cadmium Sulfide (CdS) nanobelt (NB) devices. In this work will make use CdS 
NBs instead of NWs due to their similar electronic and optical properties, but NBs are 
Figure 1.3 A) CdS NW on Si surface. B) End-to-end alignment of NWs allows for 
efficient in-coupling. C) Misalignment of NWs will lead to inefficient in-coupling. 
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much easier to fabricate complex devices with due to their larger cross section (typically 
1-10 μm wide and 60-400 nm thick). 
1.3 Nanowire Field Effect Transistor (FET) Biosensors  
During the initial years of NWs research, the study of NWs was often motivated by 
the goal of nanocomputers based on NWs
29
. This goal may be difficult considering the 
decades long research dedicated to Si-based computers and the rapid development of 
smaller nodes. NWs may have more interesting applications elsewhere, specifically in the 
field of medicine as biosensors. The intersection of semiconductor NWs and biological 
systems is almost obvious. Nano-structures are intrinsically sized to probe and interrogate 
the biological world (fig. 1.4)
33
.  
 
 
In addition, fabrication of devices at the nano-scale has become a routine process. 
This has enabled the interrogation of the biological world at sub micron lengths scales for 
rapid diagnostics and analysis. NW biosensors have already found applications for the 
Figure 1.4 Scaling of the building blocks in the natural world. NWs are intrinsically sized 
to probe biological samples. Figure adapted from ref 30. 
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detection of the specific binding of proteins
28
, small molecules
34
, DNA
35
, single viruses
36
, 
measurements and mapping of neurological circuits
27,37,38
, and the recording of cellular 
signals
39
. All of these measurements were taken using Si NW field effect transistors 
(FETs). The significance is that all of these measurements rely on the same detection 
mechanism. When a source and drain bias is applied to the Si NW, the conductance 
between them can be tuned by a capacitivly coupled gate. Usually FETs have an external 
gate voltage applied to either the back of the substrate underneath the device, or on top of 
the device, if there is some coated oxide to prevent shorting. Si NWs have an intrinsic 
native oxide that forms on the outside of the NW. When that oxide is functionalized with 
a receptor, the binding or unbinding of a charged species will effectively act like a gate 
with an applied voltage and change the conductivity of the NW by injecting carriers (or 
depleting them based on the doping), which can then be measured by an external circuit 
(Fig 1.5).  
 
 
This presents two problems that Lieber et al. also recognize
33
. The first is that this 
method requires the use of charged species. If the analyte (or target molecule) is not 
charged it will obviously not gate the NW FET preventing any detection. The other 
Figure 1.5 A) Normal FET device with top gate and B) NW FET device that can be gated by 
the presence of a charge on the surface. C) NW FET device shows an increase in 
conductance with the binding of a charged molecule on the functionalized NW
33
.  
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problem, which is related to the first, is that if the buffer solution containing the analyte is 
more ionic than the binding event, no measurement will be recorded
40
. This means 
solutions with very low salt concentrations (~ 10 μM) must be used, which may not be 
stable for a range of potential targets. The limitations for these devices are relatively 
small compared to their advantages. This provides a low cost and label-free method for 
potentially screening large amount of analytes. Label-free methods for detection are 
extremely valuable for reasons I will discuss below.  
1.4 Current Methods of Biological Analysis   
Broadly speaking the work of biological analysis can be divided into two categories, 
label-based detection and label-free based detection. In label-based detection, a label is 
attached to the analyte of interest. The label is typically a fluorescent molecule that can 
emit light when excited by a laser, or a radioactive tag
41
. This enables very popular 
techniques like enzyme linked immunosorbant assay (ELISA), flow cytometry, and 
fluorescence microscopy. These techniques have allowed the detailed study of cells 
through the direct imagining of cell kinetics and behavior, or the detection of specific 
proteins or DNA. While these technique has allowed significant advancement in the field 
of biology, it too suffers from its own limitations. Very simply the act of labeling can be 
problematic. This usually requires chemical modification of the sample or amplification 
by polymerase chain reaction (PCR) increasing cost, sample and time required for 
measurements
42
. The task of label intracellular targets is especially complex because the 
cell wall must be opened to allow for the fluorescence tags to penetrate into the cell. One 
method is to syringe loading, where the fluorescence tag is individually delivered to each 
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cell by a narrow needle
43
. Obviously this task is quite time consuming. This also limits 
the size of potential targets. Another method is electroporation where an electric field is 
applied to cells in solution, forcing them to open up membrane pores allowing the targets 
into the cells
44
. This can have an adverse affect on cell viability. Imaging based on 
fluorescence suffers from another major problem called photobleaching whereby the 
fluorophore loses its ability to fluoresce after too many excitations
45
. This can 
significantly limit the amount of time a cell can be imaged by fluorescence. Finally there 
are limitations on the size of molecules that can be imaged. Fluorescence is also a very 
inefficient process, therefore a high intensity light source is required to generate enough 
fluorescence emission to be collected. This makes it difficult to image small targers such 
as exosomes, or resolve between features that are very close together. A new type of 
imaging arose out of this problem called stochastic optical reconstruction microscopy 
(STORM) that can combine many fluorescence images to form a ultra high resolution 
image (~10nm) far below diffraction limited fluorescence microscopy.
46
 This technique 
requires that the samples are immobilized so that they don’t move during imaging. 
Hence, the development of label-free measurement techniques is also highly 
desirable. One popular technique uses changes in the surface plasmon resonance (SPR) to 
detect small changes in the index or refraction. This has enabled the detection of small 
targets like DNA, antibodies and oligonucleotides with high sensativity
47
. While SPR is a 
sensitive technique, it is only a tool to measure the presence of a specific target; it doesn’t 
contain any information about the kinetics of cellular processes. To be fair, it’s not 
designed as an imaging technique, only a tool for detection. Even with that  
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understanding,  rapid and multiplexed detection of multiple markers with high sensitivity 
has still not yet been accomplished
28
. It appears that microscopy with high spatial 
resolution requires long measurement times while techniques with fast measurements 
times have low, or no spatial resolution.  
1.5 Open Problems in Biology  
Even with the availability of the tools mentioned above, there are still problems that 
remain elusive. One example is the process of apoptosis in cells. Apoptosis is the 
programmed self-destruction of a cell. Rather than the cell being hijacked by a foreign 
attacker, the cell undergoes a complex process by which it self-destructs. Cytochrome c is 
known to be an important initiator in that process whereby it is released from the 
mitochondria, although the actual stimulus that controls the release is still debated
48
. 
Cytochrome c can be visualized by fluorescence but this creates a global image of all the 
cytochome c, making it difficult to see small fluctuations (fig. 1.6a). This could be 
important if there are initially small openings made in the mitochondrial membrane that 
start a feedback loop leading to the complete release
49
.  
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Another area that is recently attracting a great deal of interest is the study of 
exosomes. Exosomes are very small (20-100 nm) extracellular vesicles that are released 
by most cells (fig. 1.6b). They are gaining attention because they contain important 
information about the cells they originated from including proteins, DNA and RNA 
therefore they can be early identifiers of cancers. Since they are so small, exosomes are 
also permeable through the blood-brain barrier and allow for early detection of brain 
cancers
50
. Exosomes are released in multiple locations including blood, saliva, urine, 
lymph fluids so the measurement of exosomes can potentially be non-invasive
51
. While 
exosomes are becoming extremely attractive for diagnostics, they are difficult to purify 
and measure due to their size. A number of creative techniques are currently being 
developed like using surface plasmon resonance shifts
52
 or nanoparticles to track 
exosomes
53
. Although, at the moment there appear to be no clear choice leaving room for 
future devices
54
.  
Figure 1.6 A) Fluorescence image of nucleus and chytochrome c in normal cell and in a cell 
undergoing apoptosis. It is difficult to resolve subtle fluctuation in fluorescence contrast that 
is important to understand apoptisis process
49
. B) SEM image of exosomes
57
.  
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1.6 Novel On-Chip Nano-scale Integrated Tools   
Ideally the best way to solve these problems would be a measurement technique that 
could provide high spatial resolution for imaging small changes in local environments or 
small analytes and fast temporal resolution for rapid analysis and high throughput. This 
would essentially be a nano-scale microscope. If we consider the components of a 
microscope, it is just a light source focused by lenses onto a coupled to a detector. As 
mentioned earlier, these components have been made separately using NW structures. It 
should therefore be possible to make integrated structures where NW light sources can be 
coupled to NW waveguides and detectors, essentially replicating the function of a 
microscope on the nano-scale. NWs being a few hundreds of nanometers in diameter 
could provide high spatial resolution, for example, an array of NW LEDs and detectors 
would measure different points along a microfluidic channel with a pitch of 500nm could 
measure sub-cellular interactions like the kinetics of cytochrome c or the presence of 
exosomes (fig. 1.7). They could also be incorporated into larger tools like flow 
cytomerters that have difficulty with the measurement of small molecules
54
. This reduces 
the need for bulky measurement tools like expensive lasers and photodetectors. 
 
Figure 1.7 Illustration of device with arrays of NWs to measure samples as they flow 
through a gap between aligned NWs. 
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Another area where on-chip measurements could become very useful is the current 
trend towards personalized healthcare. Nano-scale devices could also enable a host of 
measurements for lab-on-chip devices that can be performed at home. This technology 
would only require a battery to power the LED and an amplifer coupled to a computer to 
measure the output signal. This could act as a cheap and portable pre-screening tool to 
prevent unnecessary hospital care.  
To be more specific, this device would function like a nano-scale absorption 
spectrometer. Light coupled between the emitter and detector would be absorbed or 
scattered and reduce the intensity of light measured by the detector. This principle 
follows the Beer-Lambert law
55
 that the light intensity measured (I) is proportional to the 
initial intensity (I0) and the amount of absorbed light given by  
     
    
where   is the absorption coefficient and l is the path length. This could provide 
identifying information for the measurement of specific targets like exosomes.  
Admittedly this is a difficult task to accomplish. A host of potential problems must be 
addressed. Typically a range of wavelengths are used to provide a full absorbance 
spectrum that can be identified as a signature of a specific molecule. Multiple types of 
semiconducting NWs would have to be used to provide broadband absorbance 
information. Another potential problem is that small path lengths reduce the amount of 
absorbed light, therefore the detectors will have to be very sensitive to small changes in 
absorbance. The most important challenge towards accomplishing this task is the 
(1) 
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alignment of emitters and detectors to allow for these types of measurements. The 
integration of different types NW devices has only recently been demonstrated with little 
control or scalability
32,56
.  
1.7 Thesis Outline  
This thesis consists of our efforts to understand, fabricate and optimize the 
behavior of nano-scale photodetectors and light emitting diodes on-chip, and the 
difficulty with coupling nano-structures in an end-to-end manner using a physical method 
of cutting. Finally this thesis investigates second harmonic generation (SHG) 
waveguiding in CdS NBs. SHG is a good optical source for coherent and tunable light 
which can be effectively coupled into on-chip waveguides. Chapter 2 goes into detail 
about different types of CdS photodetectors. The first half discussed devices on oxide 
coated substrates covering two different types of photodetectors, photoconductors and 
Schottky diode detectors. We understand their different behavior through electronic 
measurements and scanning photocurrent microscopy. Next we discuss the CdS – bulk Si 
heterojunction photodetectors including p – n junction detectors and p – n – Schottky 
junction detectors. These devices were characterized by electrical measurements and 
local optical excitation and could be understood by considering their electronic band 
structure. Finally these devices were characterized when two different sources of damage 
were introduced into the system; focused ion beam bombardment and Argon plasma 
sputtering. The different sources of damage were characterized electronically as well as 
using photoluminescence spectroscopy.  
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 In Chapter 3 we discuss the fabrication of CdS NB – Si heterojunction light 
emitting diodes (LEDs). The LEDs were characterized using electronic measurements, 
electroluminescence spectroscopy and scanning electron microscopy. LEDs could be 
efficiently fabricated although a few issues were recognized to influence the device 
behavior. By understanding the electronic structure we could pinpoint the sources of 
damage and propose solutions to overcome these challenges in the future. 
 Chapter 4 explores the ability to couple different devices together that are 
completely self-aligned. This Chapter discusses the different techniques used to cut the 
CdS NB to allow for effective self-alignment and while minimizing damage to the CdS 
structure. We also characterize that these devices are only optically coupled as opposed to 
electronically. Using spatially resolved electroluminescence spectroscopy as well as 
current temporal measurements we can confirm the ability to create self-aligned 
integrated structures. The Chapter ends by discussing the ways in which we plan to 
passivate these devices for measurements in aqueous environments. 
 Chapter 5 discusses and an on-going collaboration with the Department of 
Radiation Oncology at the Hospital at the University of Pennsylvania. This work focuses 
on making nano-scale ion detectors for measurements of radiation quality. We proposed 
NW Schottky diode detectors for measuring both the spatial distribution and energy of a 
proton beam. We have shown that the highly localized photosensitivity in Schottky diode 
can provide nanoscale spatial resolution for mapping radiation. 
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 In Chapter 6 we discuss the possibility of alternative off-chip light sources for on-
chip detection. Specifically we study the nonlinear optical properties of CdS to 
understand waveguiding in CdS NBs. SHG is frequency doubled light so it can allow the 
use of off-chip lasers without leading to significant background noise measured by the 
on-chip detector. We discovered that both the fundamental light (~1020 nm) and the SHG 
(~510 nm) can co-propagate inside the CdS NB. The interaction between these two 
frequencies, either by phase matching or mode overlapping controls the output SHG 
efficiency. Controlling this interaction through heating changes the phase matching 
condition and allows us to tune the SHG intensity up to 60%. 
 In the final Chapter of this thesis we discuss future directions for this research. 
There are a few ways in which we can optimize on-chip LEDs including using tunnel 
junctions or plasmonic enhancement. We also mention some interesting applications for 
these structures if they could be integrated with microfluidic devices. 
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CHAPTER 2 PHOTOCONDUCTOR, P-N JUNCTION AND SCHOTTKY DIODE 
CADMIUM SULFIDE NANOWIRE AND NANOBELT PHOTODETECTORS  
 
2.1 Introduction 
The photoconductive properties of semiconductors nanowires (NWs) and 
nanobelts (NBs) have been extensively studies over the last two decades
1–10
. In that time, 
NWs and NBs have been fabricated into a wide variety of photodetectors, from two-
terminal photoconductors
11–15
 to field-effect transistor (FET) detectors
16–18
. Their ability 
to transduce optical signals into electrical signals makes them ideal candidates for future 
optoelectronic on-chip applications. Due to their high aspect ratio and wide variety of 
semiconductor combinations, NWs can achieve high spatial resolution along with high 
gains
11,13,19
 and fast response times
20
 making them very attractive potential candidates as 
photodetectors. The ability of nano-structures to achieve high gain and fast response is 
directly linked to their nano-scale dimensions and specifically the large surface to volume 
ratio (fig. 2.1), which will be discussed in more detail later
11,16,19
. Low dimensional 
materials like 1-D NWs and 2-D structures like graphene
21
 and MoS2
22
 have the potential 
to play an important role an novel detectors, therefore there is general interest to 
understand their nanoscale optoelectronic properties. In this chapter we will introduce a 
few different types of photodetectors that were fabricated with Cadmium Sulfide (CdS) 
nano-structures in an attempt to couple on-chip photodetectors with on chip emitters.  
21 
 
 
 
 
 In the simplest words, photodetectors measure light. Photodetection relies 
upon the ability of charge carriers to be effectively excited and extracted from the 
absorbing material before they can recombine. While simple in principle, many device 
architectures can be implemented in attempting to achieve this result and it is difficult to 
say which architecture or method is better. Each is attempting to solve the needs of a 
particular system, at a particular cost. In principle there are three types of devices that are 
used to collect and measure light: photoconductors, junction detectors (i.e. photodiodes, 
Schottky diodes and PIN diodes) and avalanche detectors. In this chapter we will only 
focus on the first two types of detectors. While other groups have studied isolated nano-
structure photodetectors under ideal conditions, our overall goal is for integrated 
detectors. Therefore, it will not only be important to understand how the different types 
of photodetector architectures influence their behavior, but also how the environment as 
well as damage through fabrication will also affect their performance.  
 
Figure 2.1 Photocurrent gain as a function of effective size. Due to the high aspect ratio in 
nano-structures, NWs can achieve very high gain when light interacts with more of the 
surface
19
.  
22 
 
2.2 Photoconductors  
Photoconduction based photodetectors are the simplest to understand and design 
because it only relies on the photoelectric effect. Photons with energy      , where    
is the band gap of the semiconductor,   is Plank’s constant and   is the frequency of the 
light, that are incident on the semiconductor will be effectively absorbed. This absorption 
process excites an electron from the valence band to the conduction band (or from trap 
states in the band gap) (fig. 2.2a).  
 
 
 
 
 
Once excited, the electron (hole) can rest in the conduction (valence) band for a 
characteristic time    (  ). The ability of electrons to be collected is dependent on the 
distance to the electrode, L, the one dimensional mobility of the electron,    (hole,   ) 
Figure 2.2 A) Incident light with energy larger than the band gap can cause band to band 
excitation (black arrows) or excitation from trap states (red arrows) in the semiconductor. B) 
The excited electron can decay via multiple paths ways. In band-to-band (B-B) 
recombination, the electron can radiatively recombine with a hole in the valence band and 
emit a photon of energy      . An excited electron can also fall into a trap state, where it 
can non-radiatively recombine with a hole, or continue to fall to the valence band. This is 
called trap assisted recombination or Shockley Read Hall (SRH) recombination. The excited 
electron can also give its energy to another electron in the conduction band, exciting it 
above the conduction band and then non-radiatively recombine with a hole in the valence 
band. C) Appling a field to the semiconductor chance can allow for excited carrier to drift in 
the direction of the field and be collected by and external circuit. 
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and the band structure of the material. The bulk electron and hole mobilities for CdS are 
            and           respectively23. Typically there is no net intrinsic field 
in a semiconductor (unless it’s a ferroelectric or a strained piezoelectric material), 
therefore if a photon is absorbed, it will decay back to the ground state, radiatively or 
non-raditively through a few different possible processes (fig. 2.2b). If an external field is 
now applied to the semiconductor by external contacts (fig. 2.2c) charge carriers can now 
feel the force of the electric field and therefore can drift in the direction of the field. This 
picture becomes more complicated with the introduction of defects, traps and interface 
effects. Radiation can be absorbed via an intrinsic process like band-to-band excitation or 
via an extrinsic process like defect absorption, seen by the red arrows in figure 2.2a and 
b. For photodetection, this may be a desirable or tuned property of the device. Defect 
states have energy       therefore lower energy light can also be absorbed, expanding 
the bandwidth of the detector
24
. On the other hand, defects may introduce unwanted side 
effects like slow decay times due to a number of mechanisms including Auger 
scattering
25
, trapping
26
, surface recombination
27
 and persistent photoconductivity.
28
 
Therefore it is usually desirable to fabricate photodetectors with single crystalline 
materials like NWs to prevent unwanted to scattering effects and trapping sites.   
Single crystalline CdS NWs and NBs were grown by the vapor-liquid-solid 
method
29
 by evaporating 99.995% pure CdS power (Sigma Aldrich) onto a silicon 
substrate with 10nm of pre-sputtered Au/Pd in a home built tube furnace (fig 2.3). After 
annealing the Si wafer at 790˚ C for 5-10 minutes, the Au/Pd film forms into small 
islands that act as nucleation sites for CdS vapor. CdS power is then put on a quartz boat 
24 
 
inside a quartz tube at the center (yellow arrow fig. 2.3). The substrate is place towards 
the edge of the furnace (black arrow fig. 2.3). CdS NW and NBs are grown at 760˚ C for 
2-3 hours at 300 mTorr and 100 sccm of Ar gas.  
 
 
Single crystal wires usually grow along the c-axis while NBs grow along the a-axis. After 
growth, a “forest” of NWs and NBs covers the Si substrate. NWs and NBs are then 
deposited onto a SiO2/Si substrate with pre-patterned markers by a dry transfer technique. 
This involves the soft physical contact between the growth substrate and the clean 
substrate. The back Si layer is 500 um thick with a 300 nm thermally grown oxide on the 
surface. It is important that this oxide is pin-hole free to prevent leakage in the fabricated 
devices. Devices are then fabricated with the CdS NWs and NBs by patterning electrodes 
using electron beam lithography (EBL) (Elionix) with a Poly(methyl methacrylate) 
PMMA 950/495 bilayer as the resist. Samples were spin coated for 45 seconds as 4000 
Figure 2.3 Furnace for grown CdS. The red arrow indicates the direction of Ar flow. The 
yellow arrow points to the location that CdS powder is placed inside the tube. The black 
arrow points to the location where the anneal Si wafer is placed. 
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rpm and baked at 180˚ C for 90 seconds. The samples were then exposed with an electron 
beam with an energy of 650-800 μC/cm2, depending on the number of layers of PMMA. 
The bilayer provides and undercut in the structure that helps during lift-off. After 
development in MIBK/IPA 1:3 solution for 90-120 seconds, samples were placed in a 
oxygen plasma using a reactive ion etcher (RIE) (Oxford Instruments) for 7 seconds to 
remove any remaining PMMA. A Ti/Au (100 nm/200 nm) layer was evaporated on the 
samples by electron beam evaporation (Kurt Lesker PVD75). Two rounds of lithography 
and metal deposition step were performed if we coated separate metal contacts on either 
side of the device for Schottky diode devices. After fabrication devices were mounted to 
custom made printed circuit board (PCB) chip carriers and wire bonded to fit into 
connections in a temperature controlled cryostat (Janis ST-500). Electrical measurements 
were taken using custom made software connected to a DAQ board (National 
Instruments). The current from the circuit was amplified by a current pre-amplifier (DL 
Instruments) and output back into the DAQ board. Optical experiments were taken on a 
home built microscope with a Nikon 60X 0.7NA objective. A 457.9nm continuous wave 
(CW) argon ion laser (Coherent) was coupled through the objective. The beam was run 
through a spatial filter and directed into a pair of lenses mounted to piezoelectric stages 
(Physik Instrumente). The Gaussian beam spot was around 800nm, giving and average 
excitation power of ~0.45W/cm
2
. Backscattered light was collected through the same 
objective with a laser blocking filter and couple to an optical fiber. The light collected by 
the fiber was coupled to a 0.5 m spectrometer (Acton) and detected by a cooled 2048 
horizontal pixel CCD (Princeton Instruments). Scanning photocurrent measurements 
were taken by translating the optical beam in the image plane using the piezoelectric 
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stages while the photocurrent was simultaneously measured by the computer. Figure 2.4 
shows the laboratory setup and describes the optical path of light during measurements. 
 
 
2.3 Metal Semiconductor Junctions  
The interface between two materials is critical for determining the interaction 
between those two materials. Especially true for electronic devices, the metal-
semiconductor junction are important features to control electron flow into and out of the 
device. The junction between a metal and a semiconductor can be better understood by 
looking the equilibrium band structure in vacuum, and after intimate contact (fig. 2.5a-d). 
When a metal and a semiconductor are brought into contact, the alignment of the energy 
bands between the two dissimilar materials determines the conduction of charge carriers 
between them. Given the boundary conditions, that the the Fermi level and vacuum 
energy level must be aligned, and knowing that the electron affinity of the semiconductor 
Figure 2.4 Optical setup of measurements. An Argon ion laser (~458 nm) focused into an 
60x objective (NA = 0.7). Light emitting from the sample was collected via an optical fiber 
connected to the spectrometer.   
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(  ), metal work function (  ), and band gap (  ) are fixed, an equilibrium band 
diagram can be drawn when the two materials are in contact (fig 2.5b and 2.5d).  
 
 
 
In 1938 Walter Schottky described the formation of a potential that forms at the 
junction of metals and semiconductors
30
. This became known as a Schottky barrier 
(although Schottky did not describe the full theory of the barrier himself). The barrier for 
a n-type semiconductor-metal junction can be described by the Schottky – Mott relation, 
       , where    is the barrier height and    is the work function of the metal 
and   is the electron affinity of the semiconductor31. The electron affinity is measured by 
the distance between the conduction band edge and the vacuum level, whereas the work 
function is measured from the edge of the Fermi level to the vacuum level. The electron 
affinity is used instead of the work function because the Fermi level in a semiconductor is 
Figure 2.5 A) Band diagram of CdS and Au in vacuum. B) Equilibrium band diagram of 
Schottky metal-semiconductor junction formation between CdS and the high work function 
metal Au. A barrier forms due to the mismatch in the Fermi energy. C) Band diagram of 
CdS and Au in vacuum. D) Equilibrium band diagram of ohmic metal-semiconductor 
junction between CdS and a low work function metal like Ti. The band bends downward 
allowing carriers to easily flow from the semiconductor to the metal. 
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not fixed, rather it is a function of the doping concentration. For an n-type semiconductor, 
if the barrier height      then the junction should ideally be ohmic, meaning carriers 
can freely flow into the metal from the semiconductor (fig. 2.5d). This is desired if the 
goal of the contact is to efficiently inject or extract carriers from the junction, although, 
there are many cases where a Schottky barrier is desired. Schottky barriers create an 
intrinsic field at the junction region which can effectively separate excited carriers, 
making Schottky junction useful for solar cells
32
, photodetectors
33,34
, rectifiers, and RF 
mixers to name a few
35
. If the junction has a positive barrier (     , Schottky 
junctions behave like rectifying diodes. One important advantage of Schottky diodes over 
p – n junctions is that that they are only majority carrier devices instead of minority 
carrier devices. This condition allows Schottky diodes to maintain very low leakage 
current in reverse bias. When a metal and a semiconductor come into contact, carriers 
must redistribute themselves such that the Fermi levels are aligned. Carriers within a 
characteristic width in the semiconductor create a local field by either transferring to or 
gaining carriers from the metal. This region is called the space charge region, or the 
depletion region (W) given as
36
:   
   
   
   
        
  
 
  
Where     is the built in potential,   is the charge of an electron (1.602 x10
-19
 eV),    is 
the number of donors in the semiconductor,    is the dielectric constant of the 
semiconductor,    is Boltzaman’s constant,   is the temperature, and    is the applied 
bias. The removal of electrons in an n-type semiconductor, or holes in a p-type 
(1) 
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semiconductor, leaves behind immobile, charged donor atoms in the semiconductor 
creating a space charge region. This charge induces an intrinsic electric field in this 
region, similar to a p – n junction. The formation of an image charge on the metal 
eventually prevents further diffusion of carriers. Notice that in forward bias the depletion 
width shrinks, while in reverse bias (-VA) the depletion width grows. This redistribution 
of carriers to align the Fermi level is obviously dependent on the surface of the 
semiconductor, and the ability of carriers to transfer from one material to the other. The 
formation of this barrier is only for cases where      . When the work function of the 
metal is smaller than that of the semiconductor, electrons from the metal will freely flow 
into the semiconductor and no depletion layer is formed since the metal has an infinite 
reservoir of free electrons. Ideally, when fabricating a device, these rules provide an easy 
guideline to determine the junction behavior be the selection of materials. High work 
function metals like Au or Pt (   = 5.1 and 5.5 eV respectively)
36
 are often intentionally 
chosen to create a barrier. Although for many semiconductors, the junction potential is 
not determined by the Schottky-Mott relation, rather, it must be empirically measured. 
This is due to the presence of surfaces states. The surface of a semiconductor is often 
covered with a native oxide or a source of trap states like dangling bonds that can change 
the effective Fermi level at the surface
14,37
. If the density of surface states is very large, 
the Fermi level is said to be pinned at the surface, also called Fermi level pinning and the 
junction characteristics are independent of the contact metal used, which is often the case 
for Si
38
. The existence of the surface states can change the band energy at the surface. 
This effect is more dramatic for nanomaterials with larger surface areas
11,13,39,14
. 
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Effectively the surface can act like a gate, limiting current flow through the nano-
structure (fig. 2.6). 
 
 
 
Therefore, for real devices, contacts are never perfectly ohmic, rather they have 
some Schottky character to them that controls the device behavior.  CdS does not appear 
to suffer from Fermi level pinning. CdS has an electron affinity of 4.79 eV, therefore if it 
is coated with a low work function metal like Ti (   = 4.33 eV) an ohmic-like junction 
should form. CdS photodetectors where initially fabricated as photoconductors with two 
ohmic contacts on either side of a CdS NB using a combination of Ti/Au. Ti provides a 
low work function contact (as well as a strong surface adhesive) while Au prevents 
oxidation of the Ti layer. As can be seen from the IV curve in figure 2.7a, the behavior is 
linear in both dark and light conditions with a resistance of ~ 1x10
4
 Ω/cm in the dark. On 
the other hand, if Au is coated on one end of the device and Ti/Au is coated on the other 
end, clear rectifying behavior is observed (fig. 2.7b). This indicates that the junction can 
Figure 2.6 A) Schematic of NW photodetector. Under illumination of light, electrons are 
excited and swept away while holes (orange) are trapped at the surface. B) Equilibrium band 
diagram of NW in atmosphere. The band bends significantly at the surface due to excess 
trapped charges from the absorption of oxygen gas onto the surface. C) Band diagram with 
photo-generated holes. Holes can recombine with trapped surface electrons causing 
desorption of surface oxygen
11
. 
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be effectively tuned by the choice to metal contact used and therefore the surface is not 
significantly pinned. 
 
 
 
 
2.4  Ohmic Photodetectors with Cadmium Sulfide Nanowires and Nanobelts  
The study of metallic contacts on low dimensional materials is heavily researched 
and highly important for understanding the behavior of nano-scale devices
40
. Even in 
CdS NBs, ohmic photodetectors show high sensitivity to light although not particularly 
fast response times in my devices (fig. 2.8a) as well as other groups
14,41
.  
Figure 2.7 A) CdS NB device fabricated with two ohmic Ti/Au contacts. The IV behavior is 
linear and the device is photosensitive. B) CdS NW fabricated as Schottky diode device. 
One contact is formed by Ti/Au and the other is just Au, forming a Schottky barrier. The 
choice of metal can change the IV behavior demonstrating that the Fermi level pinning does 
not significantly affect CdS. 
. 
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The plot of the response times was fit with the exponential         
      and 
     
    14. Two distinct decay times can be observed in figure 2.8b, a fast decay time 
and very slow decay time. The fast rise and decay times are due to the fast excitation, 
collection and recombination of carriers in CdS. The large surface area may be even 
enhancing this decay time due to the high availability of surface states to recombine with 
carriers. Although, the slow decay time may also be due to the high density of surface 
states that can trap and re-trap carriers. The slow decay time may also be related to the 
size of the NB. Jie et al. observed much faster decay for CdS NB below 60nm thick. They 
proposed that a larger thickness increases the surface barrier width, limiting current 
flow
14
. It can also be seen that the leakage current is quite large (~1.5 nA) when the 
devices is biased at 1V due to the fact that there is no barrier for electrons. Leakage 
currents tend to be larger in ohmic devices compared to Schottky or p – n junction 
detectors with and intrinsic barrier. Initially ohmic CdS NB photodetectors were 
Figure 2.8 A) Photoresponse of ohmic CdS NB device when a white light source is turned 
on and off. B) Natural log plot of photoresponse. The decay times can be solved form the 
slope of the curve. The rise time is much faster than the decay, which shows a fast and very 
slow response.  
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fabricated, but we soon realized that these would not be sufficient for our application of 
on-chip light detectors. While a few nA of leakage is low, on-chip signal are also weak so 
this detector was not suitable for this purpose. (See figure 4.6) Additionally CdS is also 
known to suffer from persistent photoconductivity due to the atmospheric effects
4,14,41
, 
which we also observed. Persistent photoconductivity manifests itself as the slow and 
continual increase in background current over time. Chemisorption of oxygen plays an 
important role in the photoconductive behavior of CdS due to the large surface. CdS is 
intrinsically n-type due to sulfur vacancies, as such, this free charge can act as absorption 
sites on the surface for species like ambient oxygen. The oxygen accepts free electrons 
and effectively reduces the surface conductivity of the CdS structure acting as a depletion 
layer. When light is incident on the NB, electrons and holes are excited. Holes can 
recombine with negatively charged oxygen causing desorption of oxygen from the 
surface. This effectively reduces the depletion width and increases the conductivity of the 
CdS NB
33
. This effect is called photogating. When the light is turned off, oxygen can 
reabsorb onto the surface, although this process can take some time and a new 
equilibrium may be reached at a higher conductivity. In vacuum this is manifested by a 
slow increase in conductivity as oxygen slowly desorbs from the surface and is pumped 
out of the chamber (fig. 2.9). These surface effects can strongly influence the behavior of 
CdS photoconductors causing the slow increase in leakage current over time, as the 
devices became more conductive.  
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2.5  Schottky Diode Photodetectors With Cadmium Sulfide Nanowires and 
Nanobelts 
One alternative to photoconductor detectors are Schottky diode detectors. 
Schottky devices fabricated with NWs and NBs have shown large on off current ratios
42
, 
fast response times
20
, high gain
11,13,19
, and enhanced photosensitivity over ohmic 
devices
41
. As mentioned above Schottky detectors are majority carrier devices so leakage 
currents are low. We observe both low current leakage (<100 pA) and fast response and 
decay (0.22 sec and 0.08 sec respectively) times in Schottky diodes fabricated with CdS 
(fig. 2.10a-c). Schottky devices were fabricated in a similar method as above using a 
combination of EBL and electron beam evaporation, although for these devices both 
ohmic and Schottky contacts were deposited at separate times (fig. 2.11a). Au was used 
as the high work function metal to form a Schottky contact. The barrier height should be 
around 0.3-0.4 eV (          ). 
 
Figure 2.9 Change in current as a function of time for a CdS NW while the environment of 
the device changes from atmosphere to 1x10
-5
 torr. The slow increase in current can be 
explained by the slow desorption of oxygen from the surface of the NW. 
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Fabricated Schottky diode devices with CdS showed clear rectifying behavior as 
expected (fig. 9b). The current in a Schottky diode can be represented by the Schottky 
equation: 
         
  
    
     
    
        
    
   
  
where    is the current due to thermionic emission,    is the Boltzman constant,   is the 
temperature,    is the Richardson constant (~23 A K-2 cm-2 for CdS)37,  is the barrier 
height taken to be 0.3 eV for a CdS-Au junction,   is electronic charge and   is the 
ideality factor. For an ideal Schottky junction    , in our case       . This 
demonstrates that we have fabricated a near ideal Schottky junction. 
 
(2) 
(3) 
Figure 2.8 A) IV curve (blue) and log fit of IV curve (black). The ideality factor n is 1.36. 
B) Response of Schottky diode device to different amounts of white light illumination. C) 
Log fit of response time in B. The rise time was found to be 0.22 seconds and the decay 
time 0.08 seconds.  
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In order to better understand and study the spatial distribution of the electronic response 
of the Schottky gated devices, a 458nm Argon ion laser was focused on different 
positions along the NW. We observed that when the laser was on the ohmic Ti/Au 
contact, very little photo-current was observed. Only when the laser was in close 
proximity to the Au Schottky barrier contact did we measure any photo-response from 
the CdS NW (fig. 2.12a). When light is incident on the Schottky contact with higher 
energy than the barrier height and the CdS bang gap (Eg = 2.42 eV), electrons are either 
injected from the metal into the semiconductor over the barrier and or photo-excited 
inside the semiconductor, and subsequently swept away by the Schottky field. 
Alternatively, when light is incident far away from the Schottky field, there is no or little 
internal field to separate electrons and holes, therefore they will not contribute strongly to 
photocurrent. 
To better understand the spatial resolution of NW photodetectors, the photo-
response of the NW was mapped out by scanning photocurrent measurements. The 
focused laser spot was rastered perpendicular to the NW and the photo-response was 
Figure 2.9 A) Illustration of CdS NW Schottky diode. B) IV curve of dark current (black) 
and a logarithmic fit of the current (blue). The ideality factor for this device is 1.38. 
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measured as a function of time (fig. 2.12b and d). The laser spot size was around     , 
although since it has a Gaussian type beam, the highest intensity is close to the center of 
the beam spot. Since the laser spot is quite large with respect to the actual Schottky-gated 
photosensitive region, it is difficult to determine the absolute width of the sensitive region 
with high resolution, although, it appears to be smaller than the total beam based on the 
scanning photocurrent map (~600nm). The distribution of laser energy may cause 
localized regions of high current, while inducing low current blur around the CdS 
devices. This is seen by the measurement of low photocurrent on either side of the actual 
NW.  
 
 
 
Figure 2.12 A) SEM image of CdS NW diode. The NW is ~210 nm in diameter. B) 
Scanning photocurrent map of CdS NW at 1V reverse bias. C) IV behavior for Ar laser 
focused on ohmic contact, Schottky contact and in dark. D) Scanning photocurrent map of 
CdS NW at 5V reverse bias. The Schottky contact is at the bottom of the map.  
38 
 
Scanning photocurrent measurements were also performed at different reverse biases (fig. 
2.13a-d) on a CdS NB. At low biases, the photo-sensitivity is only measured very close to 
the Schottky contact. As the reverse increases, we can clearly see that the photo-sensitive 
area also increases from the Schotttky contact towards the Ohmic contact.  
 
 
This behavior is to be expected since the Schottky field (and the depletion width 
given by equation 1) is proportional to the applied potential. Interestingly, this is contrary 
to the only other published measurements on the effect of bias on the expansion of 
Schottky fields in CdS. Gu et al. performed similar photocurrent mapping experiments on 
CdS NWs and observed that the photosensitivity seems to be pinned at the Schottky 
junction
43,23
. They only observed the expansion of photosensitivity by ohmic contact with 
Figure 2.13 A) Optical image of CdS NB with a 60x objective. B-D) Scanning photocurrent 
map of CdS NB at different reverse biases. The Schottky contact is at the bottom of the 
map.  The photosensitive region of the NB expands as the reverse bias in increased. 
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forward bias (a measurement we did not check) (fig. 2.14). They also comment in their 
paper that this is contrary to what they expected would happen. We believe that they 
observe this effect to their fabrication methods. They describe that they use Ti, for both 
their contacts, but the “Schottky contact” is first treated with hydrofluoric acid (HF) 
before deposition of Ti. Their IV measurement shows diode-like behavior and they 
therefore claim they have fabricated a Schottky diode. Clearly the deposition of a low 
work function metal like Ti should create an ohmic contact, therefore HF must be 
somehow pinning the Fermi level of CdS and creating an interface barrier. 
 
 
 
HF is known to be very reactive with oxides so we suppose that the HF is removing the 
native oxide from CdS and leaving behind a high density of dangling Cd bonds that 
increase the Fermi level at the surface creating an effective barrier. Although this barrier 
may be so large that at low potentials (<7V) they do not observe any change in the barrier 
width. For both CdS NWs and NBs we observe the expansion of the depletion region 
Figure 2.14 Scanning photocurrent map of CdS NW using NSOM. The channel width is 2.5 
μm. The photocurrent only appears to change close to the ohmic contact (bottom) while it 
remains localized at the top Schottky contact even when the reverse bias changes from 3 to 
7V
43
. This is sharp contrast to our measurements that clearly show the expansion of the 
photosensitive are as a function of applied bias. 
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(fig. 2.12 and 2.13). While it is difficult to quantify the exact depletion width we clearly 
observe that it changes as a function of applied bias. This allows the tuning of the 
depletion region to control the sensitive collection area of the photodetector. This may 
have interesting applications for highly spatially sensitive photodetection or ion 
detection. This work led to a project on spatially resolved ion detectors that I will discuss 
in chapter 5.    
2.6  Cadmium Sulfide Nanobelt and Bulk Silicon Heterojunction Photodetectors 
Photodetectors made from nano-structures are usually discrete components on the 
substrate, meaning that they are fabricated and tested in isolation from other structures. 
Therefore they can be fabricated on passive surfaces like SiO2. If nanostructures are to be 
integrated with current Si fabrication technology that dominates the commercial world, it 
would be useful to use Si as an active junction material. Additionally, this could allow 
on-chip detectors to be integrated with other components as well. We attempted to 
integrate n-CdS onto heavily doped p-Si bulk wafers to allow for future integration with 
on-chip light sources. The fabrication of these devices becomes more complicated 
because the junction is vertical instead of horizontal, therefore the CdS contact must 
somehow be isolated from Si surface to prevent shorting. This was accomplished by 
using Silicon-on-insulator (SOI) substrates (fig. 14a-c). As the name indicates, SOI is 
composed of three layers (Si/SiO2/Si). SOI is useful for making electrically isolated 
devices on the same wafer by etching the top Si layer down to the buried oxide (BOX) 
layer. Detailed instruction for fabricating electrodes are described above so only the 
fabrication procedure for etching SOI to create insulated regions will be outlined here. 
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Initially 250nm SiO2 was deposited on the surface of SOI by plasma enhanced chemical 
vapor deposition. PMMA was then coated on the surface of the wafer for patterning using 
EBL. 
 
 
After the development of PMMA, SiO2 was etched away by reactive ion etching (RIE) 
using PMMA as a mask. Following the removal of SiO2, Si was etched down to the oxide 
layer, also with RIE, now using the SiO2 as a hard mask. Finally, the substrate was placed 
in a HF bath for 30 seconds to remove the residual SiO2 from the surface. The separate Si 
regions were tested in a probe station (Lakeshore) to make sure no leakage was observed. 
This created distinctly electronically isolated regions. CdS NBs were then dry transferred 
onto the surface. NBs that crossed two isolated regions could be fabricated into 
photosensors by depositing metal contacts on NB from one Si region and patterning 
metal on the Si on the other region without coating the NB (fig. 2.15). These devices 
acted as p – n junction photodetectors. Ideally p – n junction photodetectors are also fast 
and sensitive, so this structure made it possible to only require one metal deposition step, 
instead of two while fabrication Schottky diodes. 
Figure 2.15 A) Side view and B) perspective illustration of vertical CdS-Si junction on SOI 
wafer. C) Optical image of fabricated device. 
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The IV behavior in light and dark for these devices can be seen in figure 2.16a. It 
is initially apparent that the device shows rectifying behavior in the forward bias 
direction, as expected from a p – n junction diode. Although the device appears to suffer 
from a large leakage current of a few nA and low sensitivity to light. The photosensitivity 
of the device was further investigated with a CW 38 nW Argon ion laser at 458 nm was 
used to illuminate the CdS-Si contact junction. A mechanical shutter was used to turn the 
laser on and off. Figure 2.16b measures the photocurrent as a function of time as the 
shutter is opened and closed. When the shutter opens the device measures a large 
photoresponse, when the shutter is closed, a fast decay (~0.4 sec) followed by a very long 
a slow decay is observed. Additionally, the current drifts almost 100 percent between the 
initial photresponse (~40 nA) and the last one (~80 nA). The initial noise level is around 
10 nA, but even after 60 seconds, the current can only decay back to ~40 nA. 
 
 
 
Figure 2.16 A) IV curve of p – n junction photodetector in dark and white light 
illumination. B) Photo-response of CdS – Si detectors to 458 nm Argon ion laser as the laser 
is turned on and off with a mechanical shutter. The response shows an initial fast decay 
followed by a very slow decay. This slow decay does not reach the initial noise level even 
after a few minutes.  
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These effects can possibly be explained in a few ways. As mentioned earlier, photo-
gating of absorbed atmosphere may be limiting the response time due to a slow re-
absorption process of oxygen after the light has turned off. This can cause and extended 
period of persistent conductivity, although, this mechanism is not likely dominant due to 
later experiments. Another possibility is a large capacitance in the device. The junction 
capacitance is a function of the depletion width,          where    is the dielectric 
constant for CdS, A is the area and W is the width.  Since NBs are only a few hundred 
nanometers thick, this may cause a large capacitance. Fitting the last peak decay with an 
exponential decay (           ) solves for a RC decay time of ~2.5 sec. The intrinsic 
resistance in CdS is ~50 MΩ, therefore the capacitance would be 50 nF, which is quiet 
large
36
. The device junction may also contribute to the high capacitance. In an effort to 
locate the source of the high capacitance, we attached a shunt in parallel to the device. 
After turning on and off the light, during the long decay we opened the shunt to short the 
device, but the current continued to show a slow decay. This indicates that the 
capacitance is a function of the CdS-Si junction itself. CdS rests on the Si surface with 
only a Van Der Waals interaction where the lattices are completely mismatched. Both 
surfaces also likely have an intrinsic oxide layer. This could create a large barrier for 
electronic flow making it difficult for electrons to drift in the direction of the electric field 
between the two materials. Another possibility, that we feel is more likely, can be better 
understood by looking at the band structure of a CdS-Si junction. Figure 2.17 shows the 
band diagrams for an equilibrium and reversed biased CdS-Si heterojunction. It is 
possible that the CdS NB on a bulk Si surface is completely depleted of free carriers. 
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When incident light excites charge carriers, the electrons are quickly collected by the 
junction due to its higher mobility. Holes are therefore left behind, creating a charge 
imbalance in the junction with extra positive charge accumulation. This charge imbalance 
is compensated by the replenishment of charge form the negative electrode. This 
introduction of charge causes the apparent slow decay of the photocurrent
44
. Due to the 
large leakage current and long decay times I decided not to try and optimize the device 
response time and attempt a different architecture.  
 
 
 
Building upon my previous work I fabricated Schottky contacts on top of the CdS 
NBs forming a Si – Cds – Schottky junction. In contrast to previous devices on a SiO2 
substrate, CdS was in contact with p-Si, therefore the junction needed to be characterized 
again. IV measurements were taken in dark and light conditions (fig. 2.18a). Unlike in the 
previous case of the p – n junction, which displayed rectifying behavior, in both forward 
and reverse bias the dark current is very low (<100 pA). Under white light illumination, 
Figure 2.17 A) Equilibrium band diagram of n-CdS – p-Si heterojunction. B) Reverse 
biased CdS – Si junction. When carriers are excited by incident light, electrons are collected 
faster due to their higher mobility. This leaves behind positive holes, creating positive 
charge accumulation at the junction which is balanced by the introduction of electrons from 
the negative electrode. This causes a persistent photocurrent and long decay time.  
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the devices show current in both directions. This behavior can be understood by looking 
at the equilibrium band diagram for this junction (fig. 2.18b). CdS appears to be in a 
potential well between a Schottky junction at one end, and a p – n junction with Si at the 
other end. Therefore, when a bias is applied in either the forward or the reverse direction, 
one of the two ends will act like a barrier preventing current flow.  When carriers are 
generated by incident light, they have enough energy to climb over the junction and be 
collected as current. The dark current levels are ~50 times smaller than with just a p – n 
junction at ~100 pA. 
 
 
The photoresponse of these devices was tested in the same manner as above. 
Interestingly they showed very different behavior depending on the direction of the bias. 
If the junction was biased such that the Schottky diode was forward biased and the p – n 
junction diode was reverse biased (at 2V), we observed very similar behavior as 
compared to before (fig. 19a). Initially the leakage current is very low, but after each 3 
second pulse of light, the current decays to a much higher value. Once again the decay 
time is very slow, although the device appears to have large component of faster decay 
Figure 2.18 A) IV curve of p – n – Schottky diode junction photodetector in dark and white 
light illumination. B) Equilibrium band diagram of p – n – Schottky diode junction. A 
potential well if formed making it difficult for electrons of flow in or out of CdS under dark 
conditions. 
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than before. On the other hand, if the same junction is not biased such the Schottky diode 
is reversed biased and the p – n junction is forward biased (at – 2V), the devise 
performance improves dramatically (fig. 19b). Once again the initial leakage current is 
very low (<100 pA), and the device decay rapidly back down to the initial background 
level. Fitting the curve to an exponential decay finds the decay time is now 0.13 seconds.   
 
 
 
For the same CdS NB resistance as above, that gives a capacitance of 2.6 nF. This clearly 
determines that photo-gating is likely not contributing to the very slow decay times, 
rather the p – n junction itself is slow. Similar to above, the reason is likely related to the 
charge accumulation, although, in this case since there is a Schottky junction, it is more 
difficult to injection electrons from the Au contact so that may account for the better 
performance.  
Photodetectors are often characterized by their responsivity (  )
36
: 
Figure 2.19 A) Photoresponse of a p – n – Schottky diode junction photodetector when the p 
– n junction is in reverse bias at 2V and a 458nm laser is turned on and off. There is still a 
slow response but a larger fast response compared to before.  B) Photoresponse of a p – n – 
Schottky diode junction photodetector when the Schottky diode is in reverse bias at -2V and 
a 458nm laser is turned on and off. The response is now much faster. The decay time is now 
only 0.13 seconds. 
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where P is the optical power, h is Plank’s constant, q is the electronic charge, c is the 
speed of light,  , is the wavelength, and   is the quantum efficiency which I will assume 
is unity for CdS. Since responsivity depends on the optical power absorbed by the NB, it 
is difficult to give an exact number. A rough estimate assuming 10 percent of the light is 
absorbed by CdS give a responsivity of 8.5 W/A. Typically the responsivity is between 0 
and 1, which indicates gain in the system. This demonstrates that a Schottky barrier 
significantly improves devices performance and even provides gain.  
2.7 Damage to Cadmium Sulfide Nanobelt Photodetectors  
Once a reliable method was found to fabricate on-chip detectors, we investigated 
the role of damage on these devices. If photodetectors are to be integrated into on-chip 
sensors, it is important to be able to control the device dimensions and cut or etch parts of 
the device as needed. In this work our goal is to fabricate integrated devices such that a 
local light source can be coupled into the photodetector and measured as photocurrent. As 
mentioned above, the introductions of defects can significantly impair device 
performance. Depending on the type of defect, it can trap and re-trap carriers that may 
lead to long delay times
26
. Therefore it is obviously important to try and minimize the 
structural damage done to the device.  
In order to cut the CdS nanostructures we attempted a number of techniques. 
Chpater 4 will describe that work in more detail. Here we will only focus on the effects to 
device performance. Initially we tried to use a focused ion beam (FIB) of Ga ions to cut 
(4) 
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the CdS – Si – Schottky heterostrucutre devices. We measured the IV curves in the same 
light and dark conditions before and after cutting the NBs. Figure 2.20a shows the change 
in IV behavior in dark. It can be seen that after damage from Ga ions, the forwards bias 
increases and some hysteresis can now be observed. Ga is known to dope CdS
33
 and 
therefore it may be increasing free carriers in CdS causing more current to be observed. 
Under white light (fig. 2.20b) the IV shows very different behavior before and after FIB 
cutting. The current is now much large in both the forward and the reverse directions. 
This again could be an effect of Ga implantation as well as the creation on new sulfur 
vacancies in CdS.   
 
  
As observed above, a p – n – Schottky photodetector performs very well when the 
Schottky diode is in reverse bias. Once the structure was damaged with the FIB, the 
photoresponse also changes dramatically (fig. 2.21). To better understand the spatial 
distribution of damage, a CW argon ion laser was used to excite different positions of the 
belt (fig 2.21a).  Position 1 is at the site of the cut, position 2 is over the center of the CdS 
Figure 2.20 IV measurements on CdS NB photodetectors in A) dark and B) under white 
light illumination before and after cutting part of the device with a FIB. The implantation of 
Ga has likely doped the structure and introduced new sulfur vacancies increase the 
photoconductivity. 
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NB on Si and position 3 is where CdS is suspended over the gap we the SOI is etched. 
The photoresponse was measured at position 1 (fig. 2.21b) and 2 (fig. 2.21d) before and 
after making a cut in the NB with the FIB. At position 1, the photo response is drastically 
different from before and after the cut. Initially the decay is very fast (<0.3s), although 
after the cut, even after 30 seconds the photocurrent does not decay down to the original 
noise level. The long decay times are likely caused by the introduction of new defect sites 
caused by the Ga ions. Charged Ga ions can either introduce new defects in the structure 
that act as traps or itself become a trap.  
 
 
 
Figure 2.21 A) Illustration of experiment measuring photocurrent at different position along 
the CdS NB with a 458 nm Argon ion laser. Position 1 is at the site of the FIB damage, 
position 2 is at the center of the NB and position 3 is over the suspended region of the NB. B) 
Photocurrent measured at position 1 before and after the introduction of FIB damage. C) Log 
plot of figure in B. D) Photocurrent measured at position 2 before and after the introduction 
of FIB damage. The current has drastically increased, although the decay time is not 
improved further from the site of the damage.  
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The high density of trap states introduced by the FIB can now trap photo-excited 
electrons many times before they can be collected. This trapping and re-trapping can 
cause these long decay times. Recombination may take on two forms, a Shockley Read 
Hall (SRH) process or an Auger process (fig 2.2). Both processes are related to the defect 
density so they both likely operate on the device. The FIB will create many deep level 
trap states that each can trap electrons and it may take some time for carriers to 
recombine if there are a large number of states. Auger recombination may also delay 
electron collection, although it depends on the number of carriers (      
  ) where 
   is the Auger lifetime and G recombination rate
36
. It is difficult at the moment to say 
which process will dominate. Detailed time resolved photocurrent measurements are 
required to measure the times scales of these implanted electron traps
45
.   
When the photocurrent was measured at position 2 (fig. 2.21d), about 20 μm away 
from the site of the damage a long decay time can still be observed. While the laser spot 
is only ~1 μm, it can scatter light that can be collected in other areas. PMMA has been 
shown to stop Ga ions, although some of the ions may be still getting through
46
. It is 
possible that Ga has damaged more of the structure than just the region that has been cut. 
The damage from the FIB deteriorated the device performance too significantly so we 
moved away from using the FIB in favor of another technique.  
We were able to effectively cut CdS NBs by using and Argon plasma to sputter 
CdS. A 200W Argon plasma etched CdS at a rate of 2-3 nm/sec. We used a PMMA mask 
that was patterned with EBL to specifically define the region we were trying to etch. 
PMMA etches at between 6-8 nm/sec in the same Argon plasma so it was important to 
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measure the thickness of the NBs with an atomic force microscope (AFM) before we 
coated the sample with resist. After etching the CdS NB, we removed the PMMA mask 
with acetone. The PMMA has a tendency to crosslink in during the argon etch, so care 
must be taken to etch slowly as well as leave plenty of time for the acetone to dissolve the 
PMMA. After Ar etching, the photoresponse was tested in different locations on the 
device given in figure 2.21a, at the cut region (point 1 fig. 2.21a) at the center of the 
device where there should be no or little damage (point 2 fig. 2.21a) and at the point 
where CdS is suspended in air (point 3 fig. 2.21a). The devices were again CdS NBs on 
p-Si with a Schottky top contact, similar as above. When the Schottky diode was in 
reverse bias, a 458 nm CW argon laser was used to excite photocarriers in the device. The 
pulses of light were controlled by a mechanical shutter. Figure 2.22a shows the 
photocurrent measured from light incident at each one of the points along the NB.   
 
 
Figure 2.19 A) Photoresponse of a p – n – Schottky diode junction photodetector at three 
different positions after the device has been cut with argon plasma.  B) Log plot of 
photoresponse in figure A. The position furthest from the site of the damage has the fastest 
response time.  
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The photocurrent at the cut is clearly weaker than at the center of the device and the 
response time slightly improves at the point furthest from the damage (fig. 2.22b). The 
slower response at point 1 and 2 may be caused by the larger capacitance of the Si 
junction compared to point 3 where there is no Si. No significant effect is seen compared 
to the pristine device in figure 2.19b. This may be because the inert argon does not 
introduce many electronic trap states into the structure. It is also possible that this 
measurement may not be sensitive to the damage since the beam spot is ~1 μm, which is 
much larger than the damaged area. Therefore the photoresponse may be mostly due to 
the undamaged part of the CdS NB. This is a good indication at least that the damage 
from the Ar plasma is not significantly extending into the device.  
2.8  Conclusions and Future Work  
In summary we have identified many problems related to different types of 
photodetectors using CdS. It was determined that consistently, Schottky diode detectors 
drastically improve the performance compared to photoconductors and p – n junction 
detectors. Finally, by using an inert Ar gas to selectively cut the CdS instead of a FIB, we 
can limit the damage incurred by the device. 
While we have made significant progress in fabricating sensitive photodetectors 
using bulk Si and a CdS NB, there is still much work that can be done. To better 
understand the device behavior as a p – n junction photodetector we will need to take 
more rigorous capacitance measurements. To study the effects of poor contact between 
the Si and CdS we can deposit a dielectric layer PDMS or PMMA on the surface to 
promote stronger adhesion and study the effects of contact pressure on the capacitance.  
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We would also like to eventually switch to using NW devices. NWs smaller 
dimensions allow for better spatial resolution as mentioned above. Our overall goal is to 
fabricate aligned NW devices that can each detect on-chip light with high sensitivity. 
This spatial resolution could have interesting applications for detecting different signals 
at the same time providing both spatial and temporal resolution. Fabricating devices with 
NWs is difficult because they are much smaller and less mechanically robust than NBs so 
we will have to adapt the current fabrication procedure.  
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CHAPTER 3 CADMIUM SULFIDE NANOBELT ON-CHIP LIGHT EMITTING 
DIODES 
3.1 Introduction 
Solid state light emitting diodes (LEDs) and lasers are essential components for a 
myriad of technologies. Commercially, solid state components have significant 
advantages in energy consumption over other lighting technologies
1
. For research and 
industry applications, lasers are essential for fabrication (such as laser writing) or 
measurements with high intensity monochromatic and coherent light sources. While 
current methods to produce bulk LEDs and lasers have found ubiquitous use, there are 
still many areas that could benefit from LEDs if the size could be reduced to the nano-
scale, especially integrated photonic systems
2,3
. One avenue to imagine next generation 
computational components is by the use of optical interconnects instead of electrical 
ones. This technology would require on-chip light sources to relay the information across 
the device. Since silicon is an indirect bandgap semiconductor, it has remained difficult 
to use Si as a light source (although not impossible
4
). Therefore there is a need for on-
chip light emitters that can be integrated with standard electronic circuits. Numerous 
commercial and medical applications could also benefit from smaller LEDs including 
finer pixel sizes for screens, lab-on-chip style biological measurements and even 
implantable lights for optogetics
5
.  
Nano-structures such as nanowires (NWs) and nanobelts (NBs) have emerged as 
good candidates for on-chip LEDs and lasers. A variety of single crystal semiconductors 
nano-structures systems can be grown
6
 
 
and their optical and electronic properties can be 
easily tuned through the growth mechanism. NW devices have already demonstrated the 
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ability to show electroluminescence from a wide spectrum of wavelengths from the UV 
through the visible with different combinations of semiconductors
7–9
. Electrically driven 
NW lasers have been demonstrated, although NW lasers are more complex structures due 
to strict lasing conditions
10
. While a number of groups have successfully fabricated LEDs 
and lasers from NWs, most are through complex fabrication procedures that are not 
scalable or compatible with Si architectures. In this chapter we present a new method of 
fabricating nano-structure LEDs with n-CdS NBs and p-Si heterojunctions on bulk 
silicon on insulator (SOI) wafers. The use of SOI wafers is motivated by the eventual 
goal of coupling these LEDs with other devices for more integrated on-chip components. 
SOI also helps simplify fabrication and may be more a scalable substrate to fabricate 
larger LED on-chip networks.  
3.2  Cadmium Sulfide Nanobelt Light Emitting Diodes 
 CdS was chosen to fabricate LEDs for a number of reasons. The most important 
criterion is that CdS is a direct band gap semiconductor allowing for efficient radiative 
recombination to produce light. The band gap of CdS is ~2.42 eV so the emission is ~505 
nm, or green light
11
. Additionally, a few groups have already demonstrated the possibility 
of fabricating nanoscale LEDs with CdS
9,12 
including the first demonstration of a NW 
laser
10
. CdS has a high intrinsic quantum efficiency and a relatively high exciton binding 
energy (~28 meV)
13
, which is preferable for efficient LED emission. Exciton 
recombination is more efficient than a band to band radiative process and therefore helps 
promote low threshold emission
14
.
 
CdS is also intrinsically n-type doped due to sulfur 
vacancies in the Wurtzite structure leaving many Cd donor ions
15. While it’s difficult to 
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p-type dope CdS, the fact that it can have a fairly large carrier concentration (10
18
-10
19
 
cm
-3
)
10
 allows it to be utilized as the n-junction in a heterojunction LED.  Finally, high 
quality, crystalline CdS nano-structures was readily grown in the Agarwal group in our 
home built tube furnace (fig 2.3). 
 It is possible to form heterojuctions with CdS and other nano-materials, although 
that adds a great deal of complexity to the fabrication process like microfluidic 
alignment
16
. In this work we fabricated CdS LED using bulk p-type Si. Using bulk Si has 
two main advantages. First, Si is easily available at various doping conditions and 
second, using bulk Si is attractive because it is possible to integrate it onto already 
existing Si-based technologies. The intimate contact between n-CdS – p-Si forms a type 
II staggered gap heterojunctiuon. The equilibrium band diagram is shown in figure 3.1a. 
When a forward bias is applied (fig. 3.1b) holes can diffuse into the CdS from p-Si can 
radiatively recombine with electrons and generate electroluminescence. 
 
 
Figure 3.1 A) Equilibrium band diagram form CdS – Si heterojunciton. The junction of CdS 
and Si forms a type II staggered gap heterojunction. B) Band diagram when the junction is 
forward biased. Hole must be forced over a large barrier in order to be injected into CdS. 
There they can radiatively recombine with electrons and emit light. 
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3.3 Fabrication of Cadmium Sulfide Nanobelt Light Emitting Diodes 
 Typically there are two architectures for NW LEDs. Some groups have grown 
core-shell nano-structures with both n and p-type regions grown into the same structure
17–
19
. Contacts on oxide or nitride substrates are made to the p and n junctions separately to 
create a functional LED (fig. 3.2a). The other general structure for NW LEDs is to 
fabricate vertical junctions, meaning the p and n regions are stacked on top of each other, 
where usually one junction is bulk Si. It is not a trivial process to fabricate such a 
structure because the NW diameter may only be a few hundred nanometers. Therefore 
electrical contact must only be made with the NW, otherwise the electrode will short with 
the heavily doped bulk-Si surface. Two fabrication methods were used to achieve this 
goal. The first method was using electron beam lithography (EBL) to pattern directly on 
top of the NWS opening up a small window. The PMMA in the surrounding region could 
then be crosslinked to form and effective dielectric layer. Electrodes were finally 
patterned on top of the PMMA layer, only contacting the NW (fig 3.2b)
20
. Another 
method to create vertical junctions was to coat the NWs with enough resist to cover the 
structure, then partially etch away the resist until the NW is uncovered (fig. 3.2c)
21
. 
Electrodes could then be patterned on the resist and contact the top of the NW structure 
without shorting the device. Initially we tried using EBL to directly open a window to 
contact CdS followed by crosslinking the PMMA around the device. LEDs are very 
susceptible to defects so we were concerned that etching the resist may damage the CdS 
structure itself, thereby damaging the LED performance.   
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 Devices were fabricated similar to the procedure described in chapter 2. CdS 
NWs and NBs were initially dry transferred onto a p-Si substrate that was pre-patterned 
with alignment markers. Optical images were taken and mapped onto a CAD file using a 
home built program that could then be imported into the EBL software. A 500 pA current 
and 700 μC/cm2 dode was used for EBL (Elionix).  It was extremely difficult write 
exactly on the NW due to their small diameter (fig. 3.3a) due to miss-alignment of the 
either the electron beam or during the transfer of the optical image to the CAD file. 
Therefore we decided to use CdS NBs because they were much easier to pattern (fig. 
3.3b). After exposing PMMA directly over the NW or NB, the sample was developed in a 
MIBK:IPA 1:3 solution for 90 seconds with slight agitation. EBL was performed again 
on the same samples to crosslink the PMMA. The energy required to crosslink PMMA 
was ~9000 μC/cm2.  Another layer of PMMA was coated on the device after crosslinking 
and patterned again in the EBL to make electrodes. Finally electron beam evaporation 
Figure 3.2 A) Core-shell InGaN/GaN NW LED structure with electrodes contacting the n 
and p regions separately on a SiO2 substrate
18
. The p and n junctions are fabricated through 
the growth process. B) Procedure for the fabrication of ZnO NW LEDs by crosslinking 
pmma
23. C) Diagram of ZnO NW LED structure by using “spin-on glass”24. 
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was used to deposit 100/200 nm of Ti/Au was deposited on the devices. The metal was 
lifted off in an acetone bath at 60˚ C for 10 minutes.  
 
 
 
3.4 Results and Discussion  
 Finished devices were wirebonded to a printed circuit board (PCB) chip and 
tested in a complementary electrical socket that was built into the cryostat holder. Figure 
3.4a shows a finished device under a 10x objective. Multiple electrodes were patterned 
on top of the same NB to increase the chances of a successful device. This device showed 
very strong electroluminescence (EL) as seen in figure 3.4b. Additionally this device also 
showed very strong waveguiding, even though it is on a highly absorbing Si substrate. 
The white arrow in figure 3.4b indicates EL that is waveguided over 30 μm on p- Si. 
When a 60x objective was used, the EL appears to be very localized, showing EL at 
discrete points around the contact region (fig. 3.4d).  
Figure 3.3 A) SEM image of Ti/Au electrode patterned on crosslinked PMMA, attempting to 
contact a CdS NW. The small diameter makes fabrication very difficult. B) SEM image of 
electrode patterned on top of CdS NB after PMMA crosslinking. The dotted region shows 
where a window was opened on the NB to make electrical contact.  
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This likely demonstrates the asymmetry in the CdS NB – Si contact. It is possible that the 
NB is not uniformly in contact with the p-Si substrate. As the applied voltage is increased 
from 4 to 5 V, EL seems to be generated at new points on the device (fig 3.5a-f). The 
initial locations of EL all appear on the side of the device where the electrical contact is 
being made. This side of the device is probably in more intimate contact with the surface, 
therefore it makes sense that there is more EL from this side of the device. This illustrates 
the importance of good physical contact between the NB and the Si surface is in 
generating efficient EL. 
Figure 3.4 A) Optical image at 10X magnification of CdS NB LED. B) Optical image of (A) 
in dark when CdS LED is emitting EL. The white arrow points to waveguided light over 30 
μm away. C) Optical image at 60X magnification of CdS NB LED. D) Optical image of (C) 
in dark when CdS LED is emitting EL. The EL emission appears from discrete points around 
the contact region. 
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The current-voltage (IV) behavior shows a rectifying shape, which is expected for 
a p – n junction (black curve fig. 3.6a). Although, when trying to fit the curve to an ideal 
diode                        the ideality factor n is close to 10 where as it should be 
between one and two. This indicates some source of non-ideality that is not being 
considered in this model. This model does not consider, for example, recombination of 
electron-hole pairs in the depletion layer. This model also doesn’t account for tunneling, 
Auger processes, trap, and surface state recombination which may all play a role to 
various degrees. It is likely that there is an oxide on the surface of the p-Si. This oxide 
may act as a barrier for carriers similar to a tunnel diode.  As seen in figures 3.4 and 3.5, 
this device shows strong EL, although the rectifying characteristics seem to change with 
the numbers of times the EL is turned on (fig. 3.6b).  
Figure 3.5 A-F) Optical images at 60X magnification of CdS NB LED under different 
applied biases from 4 to 5 V. EL is generated at discrete points that change with bias voltage. 
It appears that the EL location may be dependent on the contact with the Si surface. 
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Figure 3.6b shows the IV characteristics as the device is being swept between 
different voltages. Initially at 4 V the device only shows a current value of around 100 
μA, but after a few cycles the current is close to 1.2 mA at 4 V. Fitting the ideality factor 
to the ideal diode equation only shows a change from ~10 to ~13 during these 
measurements. Concurrently during IV measurements, the EL was collected from this 
device. Compared to the PL, the EL slightly redshifted, probably due to heating (fig. 
3.7a). As the applied voltage on the device increases from 4 to 6.5V the intensity initially 
rises and then falls again (fig. 3.7b).  A clear redshiting of the EL is also noticeable as the 
voltage increases from 4 to 6.5V. The redshifting is a strong indicator of heating taking 
place inside the device, which is reasonable considering the high current density (~4 x 
10
4
 A/cm
-2
). The decreasing intensity also points to the fact that the high current density 
is causing some damage in the structure. Joule heating and electromigration in the device 
may be causing damage by increasing the defect density at the CdS-Si interface through 
dislocation pile-up and increasing non-radiative pathways
22
.  
Figure 3.6 A) IV behavior of NB LED (black curve) and exponential fit using the ideal diode 
equation (blue curve). The high ideality factor indicates other processes taking place besides 
recombination B) Log-linear plot of IV curves after applying different biases. The current 
increases irreversibly over time. 
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Photoluminescence (PL) was taken on this device before and after device 
operation at high currents (fig. 3.7c). A noticeable change in the PL intensity is observed 
by over 60%, which indicates that, in fact the high currents have damaged the structure. 
Since we observe that the EL intensity actually goes down at higher applied biases, this 
points to more trap assisted non-radiative recombination taking place and less band to 
band recombination. It appears that it is important to reduce the carrier density to prevent 
damage to the device.  
3.5  Cadmium Sulfide Nanobelts and SOI Heterojunction Devices 
Fabricating devices on a bulk Si substrate is an arduous task because part the 
substrate must be patterned with some insulating layer. This architecture can easily lead 
to shorting if the insulation, such as an oxide, has pin-holes or probing a contact on the 
insulating layer with a probe tip (or wirebonding) can puncture through the insulating 
layer. It would be much easier to work with Silicon-on-Insulator (SOI) substrates where 
the p and n junction regions can be easily isolated so that contacts can be made on 
Figure 3.7 A) Normalized PL and EL of CdS NB LED. The EL is slightly redshifted due to 
heating. B) EL spectrum as at different bias voltages. The EL intensity initially goes up with 
bias and then comes back down. C) PL taken before and after LED operation. The PL signal 
decreases by almost 60% indicating some damage caused by the operation of the LED.   
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different electrical surfaces. Additionally coupling separate devices together will be 
easier on SOI substrates because each device can have its own isolated electrical contact. 
SOI wafers (Ultrasil) were etched into insulating sections using a fabrication 
process described in Chapter 2. After the SOI was etched, devices were fabricated on the 
SOI similar to the procedure above. CdS NBs were dry-transferred onto the surface. NBs 
that crossed between two isolated regions were fabricated into LED structures by EBL 
and metal deposition (figure 3.8a and b). The metal deposition step was initially very 
difficult and would lead to device shorting because, the deposited metal would stick to 
the edges of the Si, where the SOI wafer had been etched and electrically connect the two 
surfaces. This was caused by the fact that the Si device layer is 2 μm thick and the pmma 
coating is usually thin in comparison (<500 nm). We solved this problem by coating 
thicker layers of pmma on the surface until the etched wells were filled with pmma (~1.5 
μm). This also required optimizing the EBL patterning to account for thicker pmma. We 
now exposed our device in the EBL at 800 μC/cm2.  
 
 
Figure 3.8 A) Illustration of CdS NB LED device on SOI substrate. SOI allows the device to 
be easily electrically isolated. B) Optical image of fabricated CdS NB LED device over two 
electrically isolated regions on an SOI substrate. 
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To our knowledge, no other group has fabricating LED nano-structures using this 
type of architecture. This technique can be useful for controlling individual LED 
structures on the same substrate or making devices with low dimensional samples since 
extremely precise alignment is not required. After fabrication, devices were either tested 
in a probe station or by wirebonding them to a PCB chip and measuring them in our 
home built cryostat with an electrical socket fitted to the PCB, similar to before. As 
expected these devices also display strong EL at ~505nm (fig. 3.9b). In some devices the 
EL is so strong it can even be seen by eye. A finished device and its corresponding IV 
measurement can be seen in figure 3.9. The electrical contact was extended along the 
length of the NB to expand the active LED region (p – n junction). This device showed 
rectifying behavior as expected. At low current levels the ideality factor n is measured to 
be almost exactly 2, which is indicative of recombination dominated current (fig. 3.9c)
11
.   
 
 
While the LEDs show ideal behavior at low currents and the ablity to emit strong 
EL, issues plagued these devices at high currents, similar to those on bulk Si substrates. 
After repeated use, the IV characteristics began to change (fig. 3.10a). We noted above 
Figure 3.9 A) Optical image of CdS NB LED on SOI substrate.  B) Optical image of CdS 
NB LED when the device is turned on. EL can be very strong. C) IV measurement of device. 
The IV looks typical for p – n junction devices with rectifying behavior. The current was fit 
to the ideal diode equation and the ideality factor n = 2.05.  
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that as the applied bias increased the EL peak intensity increased and redshifted. In figure 
3.10b we can see that even when the applied bias remains fixed at one voltage the EL 
spectrum also drastically redshifts by about 10 nm. The evolving EL spectrum 
demonstrates that devices are not stable over long periods of operation at high currents. 
This is likely due to the high amount of heating. 
 
 
 
 
Figure 3.10 A) IV measurement on CdS NB LED. Current increases over time, similar to 
before. B) EL spectrum of device at fixed bias voltage. Clear redshifting is observed even 
though bias voltage remains constant. The peak around 545 nm is background noise from the 
room and therefore does not move. 
Figure 3.11  A and B) SEM images of CdS NB LED device. After device operation at high 
currents, the CdS appears to have melted.  
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While the EL spectrum only shows 10 nm redshift, the SEM image after the 
device has broken indicates that the CdS has actually melted (fig. 3.11a and b). The 
current density in this device was very high ~1.29 x 10
4
 A/cm
2
. Nano-structures should 
be more effective at avoiding harmful heating effects due to their high surface area 
allowing for heat dissipation. It is possible that a large contact resistance between the NB 
and the Ti/Au contact, or the NB and the Si surface leads to very intense localized 
heating. This is likely the result of the large band mismatch between CdS and Si (~2 eV). 
This large misalignment limits hole injection from Si into CdS and therefore requires a 
high applied bias in order to inject carriers. The large currents may also be cause by a 
similar charge imbalance as seen in Chapter 2. Since electrons can easily diffuse into Si, 
positively charged donors are left behind and more electrons are injected by the electrode 
to maintain charge neutrality. We will discuss possible ways to ameliorate this current 
induced damage.  
3.6 Conclusions and Future Work 
 In this summary we have demonstrated the ability to fabricate CdS NB LEDs on-
chip using bulk Si as an active junction material. Additionally these devices were 
fabricated on SOI substrates, drastically reducing the strict alignment conditions. While 
the CdS-Si heterojunction may not be the most intrinsically ideal structure for LEDs, CdS 
is the only materials to have demonstrated on-chip electrically driven lasing
10
. This 
demonstrates that CdS has the ability to act as a powerful on-chip light source under the 
right conditions. While the details of electrical injection are vague in Duan’s work, there 
are a number of possibilities why such intense emission was observed. One likely 
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possibility is the presence of a tunnel junction. This will be discussed in more detail in 
Chapter 7 but briefly, a small tunnel barrier between CdS and Si could allow direct 
injection of carrier from Si into CdS without requiring them to climb over the large 
potential barrier. It is also likely that the field confinement in a NW structure is better 
than in a NB structure, allowing for higher internal fields and more radiative 
recombination. There are a few avenues to be pursued in the future to improve the 
efficiency and stability of on-chip CdS LEDs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
73 
 
3.7  References 
1. Humphreys, C. J. Solid-State Lighting. MRS Bull. 33, 459–470 (2008). 
2. Jie, X. Z. and X. Z. and L. W. and Y. W. and Y. W. and P. G. and Y. H. and J. 
ZnSe nanowire/Si p–n heterojunctions: device construction and optoelectronic 
applications. Nanotechnology 24, 395201 (2013). 
3. Zimmler, M. a et al. Electroluminescence from single nanowires by tunnel 
injection: an experimental study. Nanotechnology 18, 235205 (2007). 
4. Cho, C.-H., Aspetti, C. O., Park, J. & Agarwal, R. Silicon coupled with plasmon 
nanocavities generates bright visible hot luminescence. Nat Phot. 7, 285–289 
(2013). 
5. Kim, T. et al. Injectable, Cellular-Scale Optoelectronics with Applications for 
Wireless Optogenetics. Science (80-. ). 340, 211–216 (2013). 
6. Zhou, W. et al. Broad spectral response photodetector based on individual tin-
doped CdS nanowire. AIP Adv. 4, (2014). 
7. Tomioka, K., Motohisa, J., Hara, S., Hiruma, K. & Fukui, T. GaAs/AlGaAs Core 
Multishell Nanowire-Based Light-Emitting Diodes on Si. Nano Lett. 10, 1639–
1644 (2010). 
8. Zhou, Y. S. et al. Vertically Aligned CdSe Nanowire Arrays for Energy 
Harvesting and Piezotronic Devices. ACS Nano 6, 6478–6482 (2012). 
9. Huang, Y., Duan, X. & Lieber, C. M. Nanowires for Integrated Multicolor 
Nanophotonics. Small 1, 142–147 (2005). 
10. Duan, X., Huang, Y., Agarwal, R. & Lieber, C. Single-nanowire electrically driven 
lasers. Nature 421, 241–246 (2003). 
11. Sze, S. M. & Ng, K. K. Physics of Semiconductor Devices. (John Wiley & Sons, 
2007). 
12. Ye, Y. et al. Multicolor graphene nanoribbon/semiconductor nanowire 
heterojunction light-emitting diodes. J. Mater. Chem. 21, 11760–11763 (2011). 
13. Liu, B. et al. Exciton-Related Photoluminescence and Lasing in CdS Nanobelts. J. 
Phys. Chem. C 115, 12826–12830 (2011). 
14. Huang, M. H. et al. Room-Temperature Ultraviolet Nanowire Nanolasers. Science 
(80-. ). 292, 1897–1899 (2001). 
15. Deng, K. & Li, L. CdS Nanoscale Photodetectors. Adv. Mater. 26, 2619–2635 
(2014). 
16. Hayden, O., Agarwal, R. & Lieber, C. M. Nanoscale avalanche photodiodes for 
highly sensitive and spatially resolved photon detection. Nat. Mater. 5, 352–6 
(2006). 
17. Qian, F., Gradečak, S., Li, Y., Wen, C.-Y. & Lieber, C. M. Core/Multishell 
Nanowire Heterostructures as Multicolor, High-Efficiency Light-Emitting Diodes. 
Nano Lett. 5, 2287–2291 (2005). 
18. Tchernycheva, M. et al. Integrated Photonic Platform Based on InGaN/GaN 
Nanowire Emitters and Detectors. Nano Lett. 14, 3515–3520 (2014). 
19. Brubaker, M. D. et al. On-Chip Optical Interconnects Made with Gallium Nitride 
Nanowires. Nano Lett. 13, 374–377 (2013). 
20. Bao, J., Zimmler, M. a, Capasso, F., Wang, X. & Ren, Z. F. Broadband ZnO 
74 
 
single-nanowire light-emitting diode. Nano Lett. 6, 1719–22 (2006). 
21. Zimmler, M. A., Voss, T., Ronning, C. & Capasso, F. Exciton-related 
electroluminescence from ZnO nanowire light-emitting diodes. Appl. Phys. Lett. 
94, 92–95 (2009). 
22. Nam, S.-W. et al. Electrical Wind Force–Driven and Dislocation-Templated 
Amorphization in Phase-Change Nanowires. Science (80-. ). 336, 1561–1566 
(2012). 
23. Bao, J., Zimmler, M. A., Capasso, F., Wang, X. & Ren, Z. F. Broadband ZnO 
Single-Nanowire Light-Emitting Diode. Nano Lett. 6, 1719–1722 (2006). 
24. Zimmler, M. A. et al. Scalable Fabrication of Nanowire Photonic and Electronic 
Circuits Using Spin-on Glass. Nano Lett. 8, 1695–1699 (2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
75 
 
CHAPTER 4 INTEGRATED ON-CHIP PHOTNIC DEVICES 
A portion of the chapter is in preparation for submission entitled “Self-Alined CdS 
Nanobelts for On-Chip Integrated  Photonic Devices” 
4.1  Introduction 
As mentioned in previous chapters, semiconductor nanowires (NWs) and 
nanobelts (NBs) have been intensely investigated over the last two decades due to their 
attractive potential for on-chip integration of nano-scale devices.  A number advances in 
growth and fabrication have led to applications in solar cells
1–4
, photodetectors
5–8
, nano-
scale lasers and light emitting diodes (LEDs)
9–12
, biosensors
13–17
 and components for 
optical computing
18–20
. The major bottleneck for further NW/NB device integration is the 
lack of top-down control
21
. Typically NWs or NBs are transferred to a surface with 
arbitrary orientation and alignment. This prevents integrating multiple nano-structures 
together into more useful and complex on-chip devices. The potential to fabricate a wide 
range of devices on the nano-scale has prompted considerable research devoted to finding 
a scalable method for highly controllable placement of nano-structures. These efforts 
include using electric and magnetic fields to align NWs
22
, microfluidic control over NW 
placement and orientation
23
, solvent based self assembly of NW networks on patterned 
microchannel networks
24
, Langmuir-Blodgett technique for control over NW 
orientation
25
, and direct microcontact printing (Fig. 4.1)
26
. 
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While all of the strategies help align individual nanostructures, none of these 
methods can achieve very high precision or have shown controlled end-to-end alignment. 
One strategy to eliminate the problem of alignment is by using the same nano-structure to 
integrate multiple components together. By fabricating cuts along the length of the 
NW/NB structure (which can be hundreds of microns long), devices can be made from 
individual sections in a completely self-aligned fashion. This design could open up a 
number of new avenues for using nano-structures as on-chip modulators, relays, and logic 
components instead of requiring bulk optical sources. In addition this could enable new 
methods of nano-scale optical spectroscopy of biological analytes. Imaging of sub-
cellular systems like exosomes
27
 and viruses
16
 is difficult due to their small size and 
difficulty in concentrating target samples. Usually lab-on-chip style measurements 
Figure 4.1 A) InP NWs aligned by flow mediated assembly through microfluidic channels. Each 
NW is aligned via a separate flow alignment step indicated by the arrows and numbers. B) SEM 
image of devices fabricated through flow alignment. The scale bar is 500nm in A and B. C) IV 
behavior of crossed NW devices
23
. D) Optical microscope image of NWs aligned by electric 
field
22
. E) Schematic illustration of fabrication process for printed devices with nanostructures
26
. 
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require external components like a laser coupled to waveguide
28
. In the chapter we have 
successfully demonstrated the ability to fabricate self-aligned on-chip emitter and 
detectors that can couple and measure light across a nano-scale gap.  
4.2 Previous Work on On-Chip Integrate Photonic 
Coupling nano-structures together may not sound like a difficult idea to 
implement, although only two groups have demonstrated this feat so far, each with their 
own limitations. That is likely due to the difficulty in fabricating such a device. In general 
to create a coupled system of NW devices, an emitter (i.e. LED or laser) and 
photodetector must be aligned in some manner.  The first work on this problem was in 
2013 by Brubaker et al. They grew heterojunction GaN NWs with both p and n type 
doping by plasma assisted molecular beam epitaxy. This allowed them to fabricate NWs 
with as grown p-n junctions to act as LEDs in forward bias. They fabricated 
photodetectors on neighboring NWs by contacting only the n-doped region to function as 
a photoconductor. These devices were placed on a SiO2 substrate in close proximity (~30 
μm) so that light emitted from the LED could be measured by the on-chip photodetector. 
Figure 4.2 shows their data and illustrated this architecture more clearly
18
.  
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Two features are immediately clear. The first is that the measured signal is very weak and 
the response time is very slow. They attribute this to the far distance between the emitter 
and detector and the persistent photoconductivity effect mentioned in Chapter 2. 
Interestingly they even propose the idea accomplished in this thesis of the self-alignment 
of nano-structures as a possible way to increase the signal to noise ratio.   
 In 2014 Tchernycheva et al. published a similar paper, although this time they 
used a SiN waveguide to couple light between a InGaN/GaN heterojunction NW emitter 
and detector (fig. 4.3)
20
. They report that they were able to achieve a 14% coupling 
efficiency between the LED and detector. Their measurements show an impressive 
amount of coupling and fast photoresponse. This design is a good demonstration that the 
integrated photonic systems can be built on-chip with coupled waveguides. The major 
Figure 4.2 A) Optical microscope image of NW LED device showing EL on the left and 
the photodetector of the right. B) Photodetector measurement of EL from NW as a 
function of time. C) Baseline corrected measurement from B
18
. Their measurement shows 
slow decay times and a small signal to noise ratio. 
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problem with this architecture is that the fabrication process is laborious and the design is 
not scalable.  
 
 
 
4.3  Self-Aligned Cadmium Sulfide Nanobelt on Bulk Silicon 
As mentioned above, our approach for integrated NW devices is to couple the 
same NW/NB for self-aligned emitters and detectors. While the two papers mentioned 
above were highly motivated by computational interconnects, the motivation behind this 
work is more towards biological imaging and detection applications. Therefore, it was 
important to create a physical gap or separation between the emitter and detector to 
Figure 4.3 A) SEM image of LED and detector. B) Optical image of device under 
operation. Inset is close of up LED NW. C) Current measurements as a function of time 
will turning on and off the LED. D) Detail of response of the device. It shows very fast 
response to the wavguided light
20
.  
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eventually allow for the placement of a sample. Two different types of architectures were 
attempted to complete this task, we will discuss each in detail below.  
The first design made use of a bulk p
+
-Si wafer to fabricate devices. The 
architecture is illustrated in figure 4.4a. This was initially motivated by the relative 
simplicity of the design and previous work on making LEDs on bulk Si substrates
9
. 
Alignment markers were initially patterned on the Si substrate to identify the location of 
NBs and for lithography alignment. Markers were patterned using PMMA and EBL as 
described in previous chapters. Ti/Au (20/70 nm) was patterned by electron beam 
evaporation.  Following the writing of markers, Al2O3 was selectively patterned onto the 
Si surface by EBL and electron beam evaporation in the same manner. Al2O3 was needed 
to electrically isolate the different device components (i.e. the photodetector and the 
emitter) from each other. Al2O3 was used instead of SiO2 for its higher dielectric constant 
(9 and 3.9 respectively
29
) and higher refractive index (1.768 and 1.458 respectively).  
 
 
 
In retrospect it would have probably been a better idea to deposit Al2O3 by 
magnetron sputtering or deposit Si3N4 by plasma enhanced chemical vapor deposition 
Figure 4.4 A) Schematic of self-aligned CdS NB. Half the device is on Al2O3 for the 
photodetector and the other half is contacting p-Si to for a p-n heterojunction for the LED B) 
Optical image of device after fabrication of electrodes. C) Optical image of device after 
cutting the NB using a FIB. The scale bar is 10 μm. 
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(PECVD) then etch it away in selected regions, but either method is likely to have 
problems with pin-holes. It is difficult to use atomic layer deposition (ALD) to pattern the 
oxide because ALD is a high temperature process that is not compatible with electron 
beam resists. The oxide layer was limited to a thickness less than 200nm because a thick 
oxide layer would increase the vertical miss-alignment of the LED and the detector. NBs 
were then dry transferred onto the Si surface. The CdS NBs that rested across the Si – 
Al2O3 interface were chosen to be fabricated for devices (Fig. 4.4b). A few different 
lithography steps were required to fabricate these devices. Following the procedure from 
Capasso’s Group9 and my work mentioned in Chapter 2 (fig. 4.4b). After contacts were 
evaporated onto the device, a focused ion beam (FIB) was used to mill a gap between the 
CdS LED and the photodetector (fig. 4.4c).  
Four terminal measurements were made in a probe station (Lakeshore) to test 
these devices, two probes to test the LED and two for the photodetector. The probe 
station was equipped with a 10x objective coupled to a CCD camera (Lumenera). A 
Kiethley source meter was used to turn on the LED and a DAQ board (National 
Instruments) connected to a current preamplifier (DL Instruments) and a computer with 
home built software was used to measure the photocurrent from the detector.  
The coupled LED and photodetector system was successful in detecting emission 
of light from a self-aligned CdS NB (fig. 4.5a). The LED emitted light is easily 
distinguishable above the system noise (although the signal to noise is quite low, ~5). 
Each peak in figure 4.5a corresponds to a short pulse of light from the NB LED. While 
clearly the detector is measuring a signal, the detector suffers from a slow decay time of 
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~3 seconds. The poor quality of the detector may result because of a few reasons, 
discussed in Chapter 2. The cut in the CdS is made with a FIB, which can be very 
damaging to the local structure. FIB can also cause the introduction of Ga defects. 
Additionally, the light measured by the NB detector is waveguided from the LED and is 
directly incident on the region most damaged by the FIB cut.  Persistent 
photoconductivity due to oxygen desorption may explain why the current does not return 
to the same dark current level after photo excitation of carrier. In this initial design the 
photodetector was only a photoconductor. Fabricating a better photodetector like a 
Schottky diode detector may have helped with the reset times. While there is room to 
fabricate a better photodetector, this data clearly demonstrates a proof of concept that it is 
possible to detect light from self-aligned NB systems.  
 
 
 
 
Figure 4.5 A) Current temporal measurement of CdS photodetector in the dark (black curve) 
and when the LED is turned on (red curve). The device measures photocurrent from the NB 
LED when it is turned on. B) Current temporal measurement of CdS photodetector when the 
LED is forward biased to produce EL (black curve) and when the LED is reverse biased and 
no EL is observed (red curve). Each curve has a distinct shape attributed to either the photo 
excitation of carriers or capacitive coupling conduction mechanism. Notice that when the 
LED is on there is a long decay, characteristic of recombination, while when the device is 
capacitively coupled the decay is very sharp with no tail.  
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In order to confirm that the signal measured was from the electroluminescent light 
as opposed to electrical leakage, we applied both forward and reverse biases across the 
NB LED (fig. 4.5b). Only light was emitted from the NB LED under forward bias, which 
is expected for p – n junctions. It is apparent that in either direction the photodetector can 
measure an electrical response, although the signals are distinctly different. In the 
forward bias direction the current increases rapidly followed by an exponential decay. On 
the other hand, when the reverse bias current is applied (and no light is emitted from the 
LED), the photocurrent increases quickly, but decays quickly. This seems to indicate two 
distinct detection mechanisms, photo excitation followed by slow non-radiative decay or 
capacitive coupling. There is also a problem with steadily increasing baseline current. 
This could possibly be related to desorption of oxygen at the surface of the NB
5
. This 
may be avoided by passivating the surface of the device. Fabricating a Schottky 
photodiode detector should eliminate these issues. Brubaker’s work also suffered from 
similar problems of an increasing dark current with his use of a photoconductor as a 
photodetector
18
. 
The success rate of this design was low due to a number of factors. The electron 
beam evaporation of Al2O3 suffered from pinholes so devices were sometimes shorted. 
Additionally, any holes the formed in the PMMA during cross-linking led to shorting of 
the LED (fig. 4.6). PMMA holes, or possibly PMMA bubbles that exploded during EBL 
cross-linking, tended to appear on regions with more topology, like the edge of a NB for 
example. Finally, if the photodetector or the LED didn’t work due to metal contact issues 
and the device may also fail. The results from this device indicated that this was not a 
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good design for this system. A <200nm oxide may continue to suffer from some amount 
of capacitive coupling, even with a faster and more sensitive photodetector.  
 
 
 
Additionally if we wanted to eventually move to NW devices, this would be a 
difficult platform since contacting individual NWs is very complex due to their small 
radial dimensions. Therefore we decided to fabricate devices using a completely different 
architecture. 
4.4  Self-Aligned Cadmium Sulfide Nanobelt on Silicon-on-Insulator Substrate 
Silicon-on-insulator (SOI) substrates were used to fabricate new devices. SOI 
substrates are composed of three layers, a bottom support layer, a middle buried oxide 
layer and a top device layer. In our case the top device layer was 2 μm and the buried 
oxide layer was 1 μm. If the Si on the device layer is completely etched down to the 
buried oxide layer, regions on the device can be electronically insulated from each other.  
Figure 4.6 SEM image of Ti/Au electrode deposited onto of crosslinked PMMA. Holes in 
the pmma layer can be seen at the edge of the CdS NB. These voids can lead to shorting in 
the devices. The scale bar is 5 um.  
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 The new architecture for these devices is illustrated in figure 4.7. A dry 
transferred CdS NB can rest across three etched regions so each part of the device (i.e. 
the emitter and detector) are completely electrically isolated. This process would make 
both fabrication and future measurements with integrated mircofluidics much easier. If 
measurements were done on a pure Si wafer, eventually we would need to wirebond 
devices for electronic measurements. The act of wirebonding can be physically damaging 
to the surface and could possibly short the device. Therefore using SOI was a promising 
solution. 
 
 
4.5  Fabrication of Cadmium Sulfide Nanobelt Devices on Silicon-on-Insulator 
The fabrication procedure is described in detail in Chapter 2. For completeness 
we will include all the steps together here. Pieces of SOI were coated with three layers of 
PMMA (two of 495 and one of 950, each spun at 4000 RPM for 45 sec followed by 
baking at 180˚ C for 90 seconds). The spin speed and spin times were the same for all 
Figure 4.7 Schematic of self-aligned emitter-detector device. Etched SOI electrically isolates 
each region to prevent shorting between the two components. Each pair of electrodes can act 
as a separate device, either an LED in forward bias a photodetector in reverse bias. 
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samples although the number of layers changed at different points of fabrication. Markers 
from 1 – 100 as well as alignment markers were defined in the PMMA by EBL. After 
EBL 1:3 MIBK and IPA is used to develop the PMMA. The sample is left in MIBK for 
120 seconds and IPA for 60 seconds followed by drying the samples with nitrogen. The 
samples were then put in a reactive ion etching tool (RIE) to remove any residual PMMA 
from the developed surface. A 100W oxygen plasma was used for 6-8 seconds. This also 
helps promote metal adhesion to the surface of the sample. Afterwards, electron beam 
physical vapor deposition (EBPVD) was used to coat Ti/Au (20/70 nm) on the surface. 
The sample was then place in acetone at 60˚ C for 10 minutes for “lift-off”. Sometimes 
lift-off may not work as expected and metal can remain stuck to the surface. A useful 
trick can be to use a pipette to apply pressure on the surface to remove the extra metal.    
 This step was followed by etching the Si device layer. In order to selectively etch 
Si, the sample requires a mask. SiO2 was chosen as a hard mask for is low etch rate 
during Si etching (~50:1). The samples with markers were placed in a PECVD (Oxford 
Instruments) and ~250 nm SiO2 was coated. The deposition rate is about 60 nm/min for 
SiO2. Coating SiO2 requires that the SiO2 must also be selectively etched, therefore 
PMMA was coated on the sample to act as a mask for etching. The samples were then 
coated with 4 layers of PMMA. PMMA has a low etch rate during SiO2 etching. EBL 
was used to write the desired etch pattern, aligning the pattern on the numbered grid 
using alignment markers, followed by development. The samples were then placed in the 
RIE for SiO2 (10 cycles of 26 seconds) followed by Si (16 cycles of 35 seconds) etching. 
The etch rate of SiO2 and Si in the RIE are ~50 and 200 nm/min respectively. We 
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intentionally over-etched the samples slightly so we could be confident that they had 
etched to the buried oxide layer. This had the effect of widening the trenches that 
separated the etched regions. After etching a thin layer of SiO2 remained on the surface 
where is was protecting the unetched Si. The samples were placed in buffered oxide etch 
(BOE) containing HF for 45-90 seconds to removed this SiO2 layer. The fabrication may 
have been a little more complicated with SOI, but both these steps of patterning markers 
and etching SOI could be done for multiple samples on a substrate at the same time 
reducing the fabrication needed.  
CdS NBs were then dry transferred onto the etched SOI substrate by physically 
bringing the growth substrate into contact with the SOI substrate. The orientation and 
placement can be controlled by sliding the sample across the CdS growth substrate in the 
desired direction. The NBs must be deposited across the four electrically isolated regions 
for a device to be possible. Additionally, only one NB can rest across all four regions, 
otherwise each NB can electrically couple the insulated regions. The deposition of NBs 
was done very carefully to ensure this condition. Optical images were then taken of the 
samples with the numbered grid. A home built program was used to map the images onto 
a CAD file, where electrode patterns were drawn. The samples were coated with 8 layers 
of PMMA (5 of 495 A4 and 3 of 950 A2) using the same procedure as above. The 
samples required many layers of PMMA due to a cracking issue during metal deposition 
(fig. 4.8) which will be discussed more below. EBL was used to write the patterns using 
800 μC/cm2 and development was done the same way as above. The samples were also 
placed in the RIE for a descum step (same as above) followed by coating metal via 
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EBPVD. The PMMA cracking during EBPVD deposition may be caused by the induced 
surface stress on the PMMA by the interaction of a hot metallic layer contacting a cold 
polymer surface. We found that coating many layers helps prevent the cracks from 
reaching the surface Si  (although not the cracking itself). We also found that many layers 
of PMMA are required to fill in the etched regions. If they are not completely filled, 
metal tends to deposit on the edges of etched Si and it becomes difficult to lift-off, 
shorting the entire device. We typically coated 300 – 350 nm of Ti/Au (200/150 nm) to 
ensure that the NBs were completely covered. EBPVD is a primarily vertical deposition 
technique so more metal must be coated. During these cracking issues we also tried to use 
magnetron sputtering, which has the advantage of providing a much more conformal 
coating. This technique works well although we found later that the high energy plasma 
can damage the surfaces of low dimensional materials. This issue was not fully 
investigated, but devices coated using a sputtering technique tended to suffer from higher 
LED currents, possibly related to more defects in the structure. Therefore we eventually 
switched back to EBPVD, although cracking still plagued device fabrication. All the 
steps above were done twice if Schottky contacts were made to the NB photodetectors, as 
will be discussed later.  
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4.6  Cutting Cadmium Sulfide Nanobelts via Different Methods 
The final step of fabrication was creating a gap between the two sections of the 
NB. This step is critical to the device operation. This device heavily relies on the 
propagation of light between the emitter and photodetector so any losses at all are 
detrimental to device operation. Coupling light between any index mis-matched interface 
is expected to have transmission losses due to reflection. Cutting the NB to create a gap 
will inevitably cause some damage to the interface, potentially causing a slight change in 
the index at the damaged region. A few different methods were attempted to try and cut 
the NBs to minimize this damage. The first method attempted to create a cut in the CdS 
NB was using a focused ion beam (FIB) to mill a gap. The high energy Ga ions sputter 
away any material in their path allowing it to be used as a tool for precision cutting. 
While the FIB is easy to use and can make cuts in very precise locations, the FIB also 
induces a lot of damage in the structure. It could easily be detected in an optical 
microscope with a 488 nm single pass filter. Initially the photoluminescence (PL) is very 
Figure 4.8. Optical image of cracking in PMMA after 350nm of Ti/Au deposition via 
electron beam evaporation. Cracking is likely cause by stress in PMMA due to temperature 
mismatch between the evaporated metal and the PMMA. 
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strong for good quality CdS NBs (Fig. 4.9b). After a cut it made in the FIB, the PL seems 
to disappear (Fig. 4.9d). This is likely due to the doping of Ga ions into the structure 
which can introduce new mid gap trap states and lead to pathways for non-radiative 
recombination. In order to protect the structure we coated the surface with PMMA and 
tried the same experiment on a fresh sample, cutting through the PMMA layer (Fig 4.10b 
and 4.10d). Clearly the PMMA has a drastic impact in protecting the intrinsic PL. The 
red-ish area around the cut is not actually red PL, rather is looks red due to the way the 
camera images intensity. This is only a qualitative method to determine the actual 
damage, although it appears that PMMA is a good mask to protect again Ga damage.  
 
 
 
Figure 4.9 A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 488 nm filter showing PL from CdS NB. C) Bright field optical image CdS after 
cut is made with FIB. D) Optical image with 488 nm filter of CdS NB after FIB cut. Clearly 
the PL is weaker after FIB. The scale bar in all the images is 25 um. 
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In order to understand the extent of Ga implantation in CdS, transmission electron 
microscopy (TEM) was done (by Dr. Rahul Agarwal) on CdS NBs on a copper grid that 
was cut using the FIB. It is clear from the TEM image that the actual structural damage is 
only very close to the cut (inset of fig. 4.11). Energy dispersive x-ray spectroscopy (EDS) 
was taken close and far from the cut region (fig. 4.11 and 4.12). It can be seen from the 
EDS spectrum that the Ga is only observed close to the edge of the cut. Far from the cut, 
no Ga can be observed. PL should be more sensitive than EDS to Ga implantation, but 
the TEM can definitively say that Ga is damaging the actual structure at the site of the 
cut. This can still present a problem since the amorphization of the CdS at the site of the 
cut will limit effective waveguiding. Therefore other methods were attempted to try and 
cut the CdS NBs to reduce the amount of damage.  
Figure 4.10. A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 488 nm filter showing PL from CdS NB. C) Bright field optical image CdS after 
cut is made with FIB with PMMA coating. D) Optical image with 488 nm filter of CdS NB 
after FIB cut with PMMA coating. PMMA helps protect the NB from the FIB damage. The 
scale bar in all the images is 25 um. 
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The next method that I tried was wet etching of CdS. CdS is known to etch in 
HCl
30
 and wet etching should not damage the crystallinity of CdS since it is a chemical 
process. CdS was etched in 20% V/V solution of HCl and DI H2O for 90 seconds. In 
Figure 4.11 EDS point scan of CdS NB very close to FIB cut. Inset is TEM image with 
location of the point scan. A significant amount of Ga can be measured close to the edge of 
the FIB cut. EDS taken by Rahul Agarwal. 
Figure 4.12 EDS point scan of CdS NB near FIB cut. Inset is TEM image with location of 
the point scan. Even only ~30 nm from the location of the cut, very little Ga is observed. EDS 
taken by Rahul Agarwal. 
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order to mask parts of the NB from being etched, PMMA was coated onto the surface and 
EBL was used to open up regions for etching. Figure 4.13b and 4.13d shows an image of 
PL from a CdS NB before and after etching. The NB does not show significant signs of 
damage around the etched area, although due to the fast etch rate it was difficult to gain 
precise control over how much CdS was etched. This is an important feature to control so 
this method was not continued.  
 
 
 
Two more techniques that were attempted were mechanical damage using an 
atomic force microscope (AFM) tip and laser ablation with a high power femtosecond 
Ti/Sapphire laser. Using contact mode in the AFM with a high scan rate the tip was 
forced into contact with the NB, although this was not enough force to actually break the 
NB completely, it only seemed to cause a small fracture on the surface (fig. 4.14a). It’s 
possible that with thinner NBs or NWs, this technique could be more efficient, although 
we didn’t attempt further tests because this method was not able provide the controlled 
Figure 4.13 A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 408 nm filter showing PL from CdS NB. C) Bright field optical image CdS after 
cut is made by HCl etching. The red circle indicates where the NB was etched. D) Optical 
image with 408 nm filter of CdS NB after etching with HCl. The PL does not seem to change 
dramatically. The scale bar in all the images is 25 um. 
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cut that we required. Laser ablation only worked to partially cut the CdS NBs (although 
the samples were damaged before SEM could confirm) and the damage to the wire was 
not significantly better than the PMMA protected FIB cuts so this method was also not 
explored further (fig. 4.14b and 4.14c). 
 
 
 
The last method that we attempted was using and argon plasma to sputter CdS. 
Argon forms an inert gas and is often used as a physical etch in RIE tools so it may be 
able to effectively cut CdS without the introduction of electronic trap states due to 
doping. PMMA was once again used as a etch mask and EBL defined regions to uncover 
the PMMA and etch. The etch rate for CdS in an argon plasma at 200 W at 50 mTorr was 
determined to be ~2.5 nm/sec. The etch rate of PMMA in the same plasma was 5-8 
nm/sec. The thickness of the NB was measured in an AFM to know how much PMMA to 
coat before etching. This process required some optimization since using a polymer as an 
etch mask is not ideal due to the strong influence of heating. Etch cycles of 15 seconds 
long were followed by 3 minutes of cool down time. This may have been more time than 
Figure 4.14 A) SEM image of damage cause by AFM tip while attempting to cut the CdS NB 
mechanically. The NB is ~400 nm thick. The scale bar is 5 μm. B) Bright field optical image 
of as CdS NB on SiO2 substrate that was cut by high intensity femtosecond laser. B) Optical 
image with 408 nm filter showing PL from the same CdS NB. The scale bar is 20 μm. 
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necessary, although we wanted to be sure that the PMMA didn’t hard bake onto the 
surface. Hard baked PMMA becomes insoluble in acetone and it impossible to remove 
from the surface without damaging the CdS it is trying to protect. Figure 4.15b and 4.15d 
shows optical images before and after etching with and without the 488 nm filter. The 
etched area can be well controlled and the pmma seems to protect the CdS NB.  
 
 
 
No clear optical difference can be distinguished between the Ar etching compared 
to using the FIB. PL spectra were taken for both etching techniques at the cut region and 
away from the cut (bulk).               was plotted as a function of wavelength to show 
at the relative damage caused by etching technique (fig. 4.16a). Each technique reduces 
the over PL intensity by around 60-70% close to the edge of the cut. There appears to be 
a small shoulder at 566 nm when in the FIB spectrum, which is indicative of defects. 
Looking closely at the cut regions with a SEM it appears that when using the FIB with a 
protective PMMA mask, some of the PMMA residue remains fixed to the surface (fig. 
4.16b and c). On the other hand, using the Argon etch technique does not necessarily 
Figure 4.15 A) Bright field optical image of as grown CdS NB on SiO2 substrate. B) Optical 
image with 488 nm filter showing PL from CdS NB. C) Bright field optical image CdS after cut 
is made by argon plasma. Some pmma residue can be seen on the top cut. D) Optical image 
with 488 nm filter of CdS NB after etching with an argon plasma. The PL does not seem to 
change dramatically. The scale bar in all the images is 40 μm. 
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leave any residue. It depends on how well the sample is cleaned after etching. After 
comparing and trying a number to methods to etch CdS NBs we believed that the argon 
plasma is more effective with the smallest amount of residual damage on the device. This 
was confirmed later through electronic characterization mentioned in Chapter 2. 
 
 
 
After fabrication devices were mounted to custom made chip carriers and wire 
bonded to fit into connections in a temperature controlled cryostat (Janis ST-500). 
Electrical measurements were taken using custom software connected to a DAQ board 
(National Instruments). The current from the circuit was amplified by a current pre-
amplifier (DL Instruments) and output back into the DAQ board. Optical experiments 
were taken on a home built microscope with a Nikon 60X 0.7NA objective. A 457.9nm 
continuous wave argon ion laser (Coherent) was coupled through the objective. The beam 
was run through a spatial filter and directed into a pair of lenses mounted to piezoelectric 
stages (Physik Instrumente). The Gaussian beam spot was around 1 μm, giving and 
average excitation power of 0.45W/cm
2
. Photoluminescence (PL) and 
Figure 4.16 A) Relative PL intensity loss at the site of the Argon (black curve) or FIB (red 
curve) cut as compared to bulk NB PL. B) SEM image of cut in NB made by FIB. A residue 
of pmma seems to remain on the surface. The scale bar is 2 μm. C) SEM image of cut in NB 
made by argon plasma. There appears to be less pmma residue of on the surface. The scale bar 
is 2 μm.  
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electroluminescence (EL) from the individual NBs was collected by the same objective 
and split off using a dichroic mirror and laser blocking filter. The magnified sample 
image was projected onto either a small CCD for color imaging or the focal plane of an 
optical fiber fitted with a focusing lens. When the optical fiber was moved through the 
image plane, light could be collected from specific parts of the NW with a spatial 
resolution of ∼200 nm. The light collected by the fiber was coupled to a 0.5 m 
spectrometer (Acton) and detected by a cooled 2048 horizontal pixel CCD (Princeton 
Instruments).  
4.7 Results and Discussion 
Prior to testing the coupled photonic device, the CdS NB LED and photodetector 
were individually tested and characterized. CdS is intrinsically n-type due to sulfur 
vacancies
31
 with an intrinsic doping around 10
18
 - 10
19
 cm
-3
 therefore intimate contact 
between CdS and Si forms a type II heterojunction
10
. When the junction is forward 
biased, EL is clearly observed (Fig. 4.17b). Si readily absorbs light at ~505 nm, so the 
metallic contact extends along the length of the belt to enlarge the junction region (fig. 
4.17a). Figure 4.17c shows the current-voltage (IV) behavior of a CdS – Si heterojunction 
on SOI. As can be seen from the inset of fig. 4.17c, the DC voltage source is applied to 
the CdS NB and the Si surface is contacted to ground, therefore the forward bias direction 
is at a negative voltage. PL and EL were measured on the same device (Fig. 4.17d). The 
normalized intensity shows a slight redshifting of the EL peak compared to PL. This is 
likely due to slight heating of the NB at high currents as well as propagation loss as light 
is emitted from the CdS-Si interface and must be waveguided to the top of the structure to 
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be collected by the spectrometer. It can be seen that the signal is free of any defect peaks 
and is only present at the band gap of CdS (~2.42 eV) indicating defect free emission.   
 
 
 
NW and NB photodetectors have been widely studied on a number or 
semiconductor systems. Typically bulk Si is not used as junction material due to the 
difficulty in fabricating heterojunction structures without shorting the devices. Suspended 
NBs over etched SOI provides an easy method take advantage of a simplified fabrication 
procedure using a bulk Si as a junction material. Au, a high work function metal 
          , was evaporated onto the CdS belts to form a Schottky junction. 
Figure 4.17 A) Optical image of device under white light and (B) in dark showing EL from 
NB.  The scale bar is 15 μm. C) IV curve of CdS LED. EL begins to appear around -3.5V. The 
inset shows a schematic of the device design.  D) Comparison between EL and PL spectrum. 
The EL is slightly redshifted due to heating, but free of another other defect peaks. 
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Qualitatively, the photodetection of this device can be understood by looking at the 
equilibrium band diagram described in detail in Chapter 2 (fig. 2.18). The CdS NB 
essentially forms a potential well for carriers and prevents minority leakage current. 
These form very low noise detectors (typically <1 nA) that don’t demonstrate persistent 
photoconductivity or other effects that can increase leakage over time. Figure 4.18a 
shows the photocurrent measured from a device compared to the dark current. As the 
device is biased, either the Schottky junction or the p - n junction is in reverse bias, 
preventing and flow of carriers. Upon illumination with white light, generated 
photocarriers can overcome the barrier and are collected. It is worth noting that the dark 
current is different with positive and negative applied bias. The NB is ~300 nm thick, 
therefore the entire belt can be considered depleted. When the p – n junction is in forward 
biased and the Schottky junction is in reverse bias,     decreases at the p – n junction 
and carriers can flow into across the junction through a diffusion process, generating a 
small current. On the other hand, when the p – n junction is reverse biased and the 
Schottky junction is forward biased thermionic emission into the metal is difficult since 
the NB is depleted and hence the dark current is also low. Chapter 2 discusses at length 
the differences in device operation depending on which junction is in revere bias. In order 
to confirm that the NB itself was the unique source of photocurrent, as opposed the bulk 
Si surface, scanning photocurrent measurements were performed (Fig. 4.18c). As the 
laser is scanned along the NB, it is clear that the most intense photocurrent is measured 
when the laser is directly incident on the NB. The laser spot diameter is ~1 μm therefore 
some blur is expected in the measurement. Scattering, especially from the etched 
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surfaces, is also expected to increase the measured background photocurrent. If the laser 
was incident on a region of Si far from the NB, no photocurrent was measured above the 
background noise. This clearly indicates that the only photosensitive region is at the CdS 
NB – Si junction.  
 
 
  
While it is essential that separately the LED and photodetector work as expected, 
the key element to this integrated photonic design is its self-aligned nature. As previous 
work has shown, when nano-scale light sources and detectors are not aligned, collection 
efficiency is very low due to propagation losses in free space
18
. In this architecture, the 
alignment of the source and detector allow for orders of magnitude more light collection 
while taking advantage of the fact the NB itself can act as a waveguide. The active 
waveguiding of the light generated at the CdS – Si junction is observed in figure 4.19. 
When light is generated from the LED, it is measured at two locations. The first, 
represented by a black circle in figure 4.19a, is at the site of the NB LED. The EL 
spectrum corresponds to the black curve in figure 4.19b with a strong emission at 510 
Figure 4.18 A) IV curve of NB photodetector in the dark (red) and under uniform white light 
illumination (black). The inset shows the leakage is slightly lower in the positive bias region. 
B) Optical image of NB with laser spot. The scale bar is 5 μm. C) Scanning photocurrent map 
of CdS NB detector. Photocurrent is only measured when the Ar laser is incident on the NB. 
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nm. The EL was also measured at the site of the red circle, corresponding to the red EL 
spectrum, which is significantly redshifted and attenuated. Redshifting is a usual 
indication of waveguiding and it is evidence that the NB LED can also waveguide its 
output along the length of the belt
32
. Besides for propagation losses due to absorption in 
CdS, Si is a high index material that also significantly contributes to losses.  
 
 
 
Waveguided light can also be clearly measured by the self-aligned NB 
photodetector. Figure 4.20 plots the photodetetor current as a function of time. Initially 
there is a very low noise signal (~.1 nA). As the LED is turned on the photocurrent 
begins to rise and eventually saturates.  
Figure 4.19 A) Optical image of device under 10x magnification.  The black and red circles 
represent different points at which the EL spectrum was measured. The scale bar is 5 μm. B) 
EL spectrum at black and red points. The red curve is clearly red-shifted and attenuated. This 
is indicative of waveguided EL propagating along the structure. 
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When the NB LED is turned off, the photocurrent measured by the CdS photodetector 
decreases rapidly and the signal decay back to the initial noise level. This process is 
reproducible and has extremely high contrast with an on/off ratio of 10
2
 – 103. The power 
detected by the NB is estimated to be around 1.2 nW. The response time is ~3.5 sec, 
which is slow, but LED is also not turned off immediately, the voltage is gradually 
reduced and the LED gradually turns off. It is important to verify that this signal is only 
due to the generation of light rather than through capacitive coupling like before. The 
LED was also biased in the reverse direction at the same potential between 200 and 300 
seconds in figure 4.20 and no signal was measured. This clearly demonstrates that the 
measured photocurrent is only due to the generated light by the NB LED. 
 The success rate for devices made with SOI substrates was higher than with the 
previous design, which allowed certain parameters of the device to be optimized. The 
device mentioned above was the best performing device fabricated although initially, due 
Figure 4.20 Photocurrent measured from the NB photodetector as a function of time. When 
the LED is on the photocurrent rises drastically. The red arrow indicated the time at which the 
opposite polarity bias was applied to the LED yielding no emission and no detection. 
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to the ease of fabrication, only one metal deposition step was performed.  This, in-effect 
created two self-aligned p – n junctions where either side could be used as a LED or 
photodetector. While these devices were easier to make, they did not appear to be as 
sensitive to NB LED emission, with high dark currents which increased with time (fig. 
4.21a). At that time we did not know that the reason for slow response time was due to 
the charge imbalance at in the junction, as discussed in Chapter 2. 
 
 
 
The reverse bias direction is when the applied voltage is negative; therefore, when the 
LED is on, more negative current is measured. Ideally, p – n junctions should be low 
noise and fast photodetectors. Looking at the I-V curve measured in dark conditions, it is 
clear that the device is not ideal (fig. 21b). This device shows poor rectifying behavior 
and large leakage currents in the reverse bias. Based on the results in Chapter 2, the poor 
performance of the device is likely caused by the FIB damage to CdS NBs during cutting. 
This device was the first device to show coupling although it was only later determined 
Figure 4.21 A) Temporal photocurrent measurement from the align NB photodetector. When 
the LED is on the photocurrent falls indicating photocurrent. When the reverse bias is applied 
and no LED emission in observed, no photocurrent is measured. B) Dark IV behavior of 
detector. Large leakage current in the device may be due to FIB damage. 
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that the use of the FIB to make the cuts had a tremendously adverse effect on the 
electronic properties of the device.  
 In sharp contrast when the same device is fabricated and cut with an argon 
plasma, the results are much better (fig. 22). A later device was fabricated using the same 
method as above, with only one metal deposition step of Ti/Au.   
 
 
 
The IV behavior is much more ideal looking and does not suffer from large leakage 
current (<1 nA). Fitting the current to the ideal diode equation                  we 
find the ideality constant n to be 1.85. When the device is used as a photodetector, it 
clearly measures EL over the noise level. Due the fact this device relies on a p – n 
junction photodetector only, it still shows a slow response time. These two devices with 
only p – n junctions demonstrate how important a Schottky diode photodetector is for the 
fast operation of a potential integrated device on Si with CdS. 
Figure 4.22 Device made on SOI with native oxide. A)  Temporal photocurrent measurent 
from the align NB photodetector. When the LED is on the photocurrent rises indicating 
photocurrent. B) Dark IV behavior of detector. Diode shows good rectifying behavior with an 
ideality factor n of 1.85. 
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4.8 Possible Methods to Improve Device Performance With Cadmium Sulfide 
Nanowires 
It is possible to envision ways to optimize the propagation length, photodetection 
response time and LED efficiency of this device. Optical waveguiding is most efficient 
when light is coupled in a high index material surrounded by a low index cladding
33
. We 
could expect lower losses if the NB rested on an oxide or nitride surface, thick enough to 
confine the waveguiding mode but thin enough to allow for tunneling to operate the LED. 
The fabrication of a nano-scale gap by argon etching is also damaging to the structure. 
An alternative way of generating a nano-scale gap may reduce the damage at the surface 
of the cut and increase coupling as well as detection, possible by a physical method such 
as light sonication. Both of these problems may be ameliorated by the use of NWs instead 
of NBs. NWs has a circular geometry so only a small fraction of the structure would be in 
contact with the Si surface preventing losses. NWs are pseudo 1-dimensional materials so 
cutting wires in half should also be easier and therefore induce less overall damage. The 
other advantage of using NWs is the additional spatial resolution if provides. Multiple 
NW emitter-detector systems fabricated side by side may be useful for ultra high 
resolution spectroscopy. 
 NWs device were attempted in this work, although the fabrication is more 
complex due to structural considerations. As mentioned in Chapter 3, fabricating NWs 
LEDs on bulk Si can be difficult using vertical architecture. While other groups like 
Lieber
10
 and Capasso
9
 have managed to fabricate such structures, they are quite difficult 
and are prone to shorting. Using an SOI substrate should ideally make the fabrication 
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easier because the contacts are not vertically aligned, preventing the possibility of 
shorting, rather the contacts are spatially separated on different parts of the SOI substrate. 
This appears to be a simpler method for fabrication, although in practice it does not work 
well, yet. Often CdS NWs will break at the edges of the etched SOI (fig. 4.23a-c).  
 
 
Even when the wires don’t break, conduction is poor and EL was only observed once. 
This is likely caused by bad contact between the NW and the Si surface since the two 
materials only interact through Van der Waals forces. We believe it is possible to 
fabricated better NW devices using a vertical contact technique, similar to the references 
above, although instead of using PMMA or alumia as the insulating layer between the Si 
surface and the metal contact, we would like to use Hydrogen Silsesquioxane (HSQ). 
HSQ is a negative resist that is converted into SiO2 upon exposure to an electron beam. If 
HSQ is patterned on top of NWs on a SOI substrate, the top layer of HSQ can be etched 
away to expose the top surface of the NW. Metal can then be deposited without shorting 
the device. This architecture will only require two isolated regions on SOI. HSQ is a 
sensitive resist and the parameters for exposure must be catered for the application, 
therefore my work implementing this design is ongoing.  
Figure 4.23 SEM images of broken CdS NWs that rest over the etched regions of an SOI 
wafer.  
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4.9 Conclusions and Future Work 
In conclusion we have demonstrated the first self-aligned single CdS NB device 
for the integration of photonic devices on-chip. This device can be fabricated using bulk 
Si as both as a hole injection source for the LED as well as a p – n photodiode for 
photodetection. By cutting the NB in half this system is electrically isolated and light can 
be waveguided across the nano-scale gap. This device demonstrates the potential for 
creating nano-scale on-chip emitter and detectors for novel high resolution and low 
volume biological measurement techniques as well as various types of computational 
components such as  switches.  
The goal of the work in this chapter is to create completely on-chip photonic 
systems for performing spectroscopy on the nanoscale. In order to demonstrate 
functionality of the device it will be necessary to measure the response of the NB emitter-
detector to a change in the absorption of the medium. This will be done by integrating the 
device with microfluidics. We have succeeded here in creating a platform to allow for 
optical signals to be measured across a nano-scale gap. The next step is to extend these 
measurements into aqueous environments. This will entail the electronic insulation of the 
surface to prevent the solution from shorting the devices. Additionally, a controlled 
sample flow is also required to allow for the practical functionality of the device to 
measure different analytes.  
 The insulation of electronic devices from aqueous environments is complex due 
to the diffusion of ionic species through the oxide films. Often used in memory devices, 
stacked oxide films are robust dielectrics, with one common example being the 
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oxide/nitride/oxide (ONO) heterostructure
34
. These films have a relatively high dielectric 
constant (~6) and large capacitances, additionally they are mechanically stable as the 
oxide acts as stress relief layer for the nitride films
35
. ONO structures are highly 
insulating due to charge accumulation at the oxide-nitride interface preventing large 
leakage currents
36
. These ONO structures have also been utilized for electrical insulation 
in aqueous environments due to their strong charge trapping properties
37
. An additional 
complication in this system is due to the nano-scale gap in between the two parts of the 
device. Typically groups coat thick ONO layers to provide effective electronic insulation, 
although, here, the thickness must be smaller than the gap width otherwise it will restrict 
flow. Additionally, each oxide interface will act as a mirror, so it will be important to use 
index matched oxides to prevent reflection at the end of the NB.  The real part of the 
refractive index for CdS is ~2.6 at 500 nm. The combination of different oxide and 
nitride films like hafnium oxide (HfO2) (n ~ 2.1 at 500 nm), Al2O3 (n ~ 1.8 at 500 nm), 
and silicon nitride (Si3N4) (n ~ 2.0 at 500 nm), will limit the reflective loss at the 
interfaces. Additionally HfO2 is a high dielectric constant oxide so it may help to reduce 
the required thickness of the needed insulation layer. These oxides can be deposited by a 
few techniques including PECVD or ALD, all available at Penn’s Singh Center for 
Nanotechnology. The effectiveness of this structure can be easily tested by the 
application of a single drop of solution on the device without the need for microfluidics 
yet.   
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CHAPTER 5 NANODOSIMETRY 
5.1 Proton Therapy Background 
Hadron therapy is a type of external radio therapy for cancer treatment that makes 
use of  protons, neutrons, or heavy ions beams (e.g. 12C, 16O, 20Ne, 4He), instead of 
photons
1
. The main advantage of hadron therapy over common photon (x-ray, gamma) 
based radiation therapy is that the majority of the peak incident energy targets the 
diseased tissue while minimizing the damage on the surrounding healthy tissue
2
. This is 
possible because the ions used in particle therapy show a concentrated Bragg peak (point 
at which the particles lose the largest fraction of their energy to the interacting medium) 
immediately before the particles come to rest (fig 5.1a)
3
.  
 
 
 
 
If beams of different energy are combined together, the effective Bragg peak can look 
like a plateau, this is called a spread out Bragg peak (SOBP) (fig. 5.1b). Therefore proton 
Figure 5.1 A) Dose or energy deposition of different radiation sources as a function of 
depth in water, which is a close approximation to human tissue. Proton beams show a clear 
Bragg peak deep in the water were they lose most of their energy. This is useful for treating 
tumors in deep tissue. B) A spread out Bragg peak (SOPB) can be formed by combining 
proton radiation using different energy beams
16
.  
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therapy has become the preferred treatment for caners surrounded by sensitive tissue like 
brain, spinal cord, prostate, ocular and pediatric cancers
3
.  
 Ionizing radiation on tissue leads to cell death by the ionizing particles interaction 
with the DNA in the cell. Ionized radiation interacts with the cells through two pathways, 
direct and indirect. In a direct process the ions directly interact with the DNA causing a 
single or double strand break in the DNA. Direct interaction only accounts for about a 
third of the DNA damage, depending on the type of cell
4
. An indirect process is caused 
by the ionization of water molecules in solution. Free radicals will initially the form e
-
, 
and H2O
+
 that will dissociate and become H
+
 and OH. The OH radical can then react with 
DNA inducing a single or double strand break.
4
 Since these free radicals are related to the 
ionization ability of the incident beam, more densely ionizing beams cause more damage 
to the cells than photon beams, as may be expected. In figure 5.2 it is clear that the cell 
survival fraction is a function of the type of beam used and the energy of that beam
5
.  
 
 
Typically absorbed dose is measured during radiotherapy treatment, which has SI unit of 
Gray (Gy) J/kg . But as figure 5.2 shows, total absorbed dose does not itself predict the 
Figure 5.2 Cell survival fraction as a function of dose for a x-ray source and different 
energy carbon beams. The energy of the beam clearly impacts cell survival
5
. 
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cell survival, or sometimes called the relative biological effectiveness (RBE) of the beam. 
Another quantity, called radiation quality, is used to understand how effective the 
radiation is in inducing cell death. Radiation quality is related to the energy of the beam, 
or what is known as the Linear Energy Transfer (LET), how much energy the beam 
transfers to the tissue and has units of keV/μm6.  
 Even understanding the effect of LET on cell survival is complex because the 
microscopic deposition of energy from high LET beams is not uniform
7
. The energy 
deposition of protons is highly inhomogeneous at the micron-nanometer scale because of 
the unique track structure of each incident particle (fig. 5.3)
8
. Each proton has the ability 
to excite secondary particles along its trajectory through the tissue. The combination of 
all collisions and ionization events corresponding to an initial particle is called its track 
structure. The distribution of the tracks within the cellular nucleus will determine the 
overall cell damage, without accounting for other intrinsic factors related to the cell 
viability such as its repair capacity. The track structure appears to be the most important 
factor in determining the RBE of the beam. The path to understand the track structure of 
particle beams has taken two roads. One is the use of Monte Carlo simulations like 
Geant4-DNA to predict to predict the biological impact of the ionizing radiation.
9
 The 
other method is the direct measurement of radiation quality on the nanoscale, known as 
nanodosimetry. Nanodosimetry is far less developed than simulations due to the difficulty 
in measuring nanoscale radiation quality. This impedes advancement in the simulations 
since there is little experimental data to validate the predictions and a direct method to 
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measure beam quality. Therefore effective experimental tools are required for this 
feedback loop to become more productive.  
 
 
 
5.2 Measurement of Particle Radiation 
Accurate prediction of RBE is essential for the treatment of patients. Treatment 
with non-optimized dose may lead to serious side effects to the patient, such as loss of 
tissue functionality or even secondary tumours induced by radiation. Two branches of 
dosimetry have been developed to address this need. The first is microdosimetry, which 
provides a quantitative characterization of the non-uniformity of energy deposition at the 
micron scale
2,10
 but fails to provide an accurate picture at the nanoscale. These solid state 
detectors are still much too large (5-10um) to measure any local tack structure. The 
second field is nanodosimetry, which aims to characterize nanometer-equivalent sizes. So 
far there have only been a few reports of nanodosimeters which use gas chambers to 
Figure 5.3 Simulation of microscopic dose delivered by different sources. In all cases the 
average energy deposited it the same, 2 Gy, yet the distribution of energy is very different 
depending on the type of radiation and the energy of radiation
7
.  
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reduce the interactions between ions and the medium
11,12
. These devices are often very 
large and they assume that the interaction with a dilute gas will behave the same as in a 
dense medium. It is possible that semiconducting NWs with intrinsically small 
dimensions may be a good platform for measuring ion radiation. As I have mentioned 
earlier, NWs can function as fast detectors with high gain, making the suitable for this 
purpose
13,14
.  
In collaboration with the Abramson Cancer Center at the University of 
Pennsylvania, I fabricated Schottky CdS NW detectors, like those mentioned in chapter 2 
and collected measurements using a clinical proton beam. The measurements were 
performed with ~70 MeV protons from the cyclotron at the Roberts Protons Therapy 
Center. Our initial measurements are promising, although work still needs to be done to 
complete this project. I will outline the work that has been done, as well as measurements 
to attempt in the future.  
CdS is a suitable semiconductor to function as a nanodosimeter because CdS had 
a large direct bandgap (Eg = 2.42eV) with a high resistance (~10 MΩ - 1 GΩ) making it 
sensitive to small changes in internal carrier densities and reduces the effects of thermal 
noise. The basic principle of operation has previously been described, but briefly, when 
an ionizing particle is incident on the NW close to the Schottky junction, excited carriers 
can be separated and collected as current. Schottky detectors provide further spatial 
resolution because detection is localized to the depletion region (fig. 5.4).  
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In order to test the NW nanodosimeter in a clinical proton beam, a portable 
measurement setup was constructed that could be used inside a clinical environment (fig. 
5.5). Devices were wire bonded to ceramic chip carrier fitted to a custom made socket 
that was connected to a portable measurement system. This consisted of a sample holder 
that connected to the chip carrier. The sample holder was placed directly under the beam. 
An insulated cable was attached from holder to a switch board were different devices 
could be controlled. Coaxial cables connected the switch board to data acquisition board 
(DAQ) and a current preamplifier, which was then connected to a computer to take the 
measurements. Different thicknesses of tissue equivalent “solid water” were placed on 
top of the device to measure radiation at different locations along the SOBP peak. The 
solid water is a polymer composite material with the same density of water to simulate 
the measurements at different depths inside human tissue. The flux of the beam was ~10
8
 
protons/cm
2
sec with a beam a minimum beam size of 1 cm
2
.  
Figure 5.4 A) SEM image of Schottky NW device. The CdS NW is 213nm in diameter. B) 
Illustration of reverse bias Schottky junction. Incident radiation will excite carriers that can 
be collected by the built in field.  
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5.3 Initial Work and Future Experiments 
The initial measurements are promising. The devices display very low leakage 
(10-20 pA) and are very responsive to the proton beam (fig 5.6a). To test whether the 
device was sensitive to the proton energy, we measured the current response at two 
different points along the Bragg peak, one in the plateau region of the SOBP and the 
other before the plateau at a lower LET by changing the amount of solid water between 
the device and the beam. Figure 5.6b demonstrates that the higher energy beam shows 
more measured current. Additionally the measured dose is very linear over different 
doses, which is expected for dosimeter.  
Figure 5.5 Setup of experiment with clinical proton beam. A sample wirebonded to a 
ceramic chip carrier was placed in a sample holder under the proton beam. The red arrow 
indicated the source of protons. Solid water was placed on top of the device to simulate 
differ points along the Bragg peak. A box with switched was used to control which devices 
were measured. The current measured by the device was amplified and measured by the 
computer. 
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Due to the fact that we are taking measurements in room with a highly ionizing 
beam, there appears to be quite a bit of electrical noise (fig 5.7a). As a control we 
measured the background electrical noise when no device was connected. This noise has 
a very characteristic shape due to the ionizing source (fig. 5.7b). To provide protons at 
different energies, there is a ceramic wheel behind the aperture that rotates with a 
frequency of 10 Hz. The wheel is graded such that the beam passes through different 
amounts of ceramic material to change the energy of the particle and produce the SOBP 
peak. 
Figure 5.6 A) Ion induced current as a function of time. The peaks correspond with the 
turning on the ion beam. B) Total integrated charge measured for different doses and 
position on the SOBP indicated by the inset.  
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Since this noise is very periodic, it may be possible to electronically filter it out by 
correlated double sampling (CDS) that can remove a periodic offset
15
. This technique 
measures the signal twice, once in a known condition and once in an unknown condition 
and subtracts the two. Another possible direction to take is by increasing the 
measurement signal far above the background noise by using ZnO NWs. ZnO NWs have 
shown 10
8
 times gain due to the strong surface gating by oxygen from the atmosphere 
absorbed on the NW
13
. This acts like a FET device and can turn on when the proton beam 
desorbs oxygen from the surface by excited carriers increasing the conductivity of the 
wires. 
 
 
 
 
Figure 5.7 A) Background noise when no device is connected. B) Detail of background 
noise. The period of t he noise is the same as the period of the beam. This may be able to be 
filtered out by correlated double sampling.  
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CHAPTER 6 ROUTING AND MODULATION OF SECOND HARMONIC 
GENERATION IN CADMIUM SULFIDE NANOBELTS 
 
Part of this chapter will be submitted as a paper entitled “An active modulator based on 
second harmonic generation in CdS nanobelt waveguides via photocurrent” 
6.1 Introduction 
Common optical phenomena like the reflection of an image off a puddle of water 
operate under the principle of linear optics. More explicitly, the interaction of light with a 
material induces a linear polarization response given by: 
        
        
Where P is the polarizability, E is the electric field,    is the electric permittivity in free 
space, and   is the susceptibility.   can be understood as how polarizable a material is in 
response to an electric field, in this case light. This simple understanding helped explain 
optical phenomena for hundreds of years. Only until the invention of high power lasers 
did we begin to see new phenomena in response to light. A more general expression can 
be written for equation 6.1 describing the time dependent polarization of a material given 
by:
1
 
        
           
            
           
The materials response to a laser also depends on the power of the electric field and the 
so called nonlinear susceptibilities      and     . These will affect the intrinsic properties 
of a dielectric material like the real refractive index (that can also be expanded with 
(6.2) 
(6.1) 
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higher order terms). Notice that for an electric field given by                  
     the second order response will be frequency doubled, i.e.  
                  
                       
Therefore the output field only oscillates at   , twice the frequency and half the 
wavelength at the input wave. From here on I will call the input beam at  , the 
fundamental wave. Equation 6.2 is taking P and E as scalar quantities, although they are 
actually vectors. The susceptibility is therefore a tensor quantity of rank i+1 where i is 
the order of the susceptibility       .  In this work I will only be referring to      which is 
a third rank tensor, which is sensitive to crystallographic symmetry
2
. Centrosymmetric 
crystals display no      because if P(x) = P(-x) the even order terms in equation 6.2 must 
be zero. This can be understood in a more physical sense in terms of how light actually 
interacts with a material. In a normal linear response, light forces oscillations of negative 
charges in an atom with respect to its positive charge.
3
 Although, a second order response 
replies upon the collective oscillations of dipole-dipole interactions in the material, 
therefore if the structure is symmetric there are no net dipoles that oscillate
4
. This induces 
a coherent frequency response from the crystal, although the output optical efficiency is 
dependent on the optical cavity and the phase matching, given by: 
   
          
       
 
 
 
(6.3) 
(6.4) 
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Where   is the output efficiency, L is the length of the cavity and            and is 
known as the phase matching condition. When this condition is satisfied (    ), 
second harmonic light constructively interferes.  
SHG has found many applications. It is commonly used to frequency double laser 
light from the infrared down to visible wavelengths using a nonlinear crystal.
1,5
 SHG has 
also found uses characterizing ultrafast pulses,
6,7
 probing crystallographic structures
2
 and 
detecting defects.8 SHG has even found many applications in biological imaging.
9–13
 
SHG microscopy in biological systems is advantageous beacuase it circumvents the 
limitations of fluorescence microscopy like photobleaching, dye saturation and blinking, 
while providing similar optical image contrast.
13
 SHG is a particularly useful because it 
doesn’t require optical transitions from real states (fig. 6.1). Transitions from virtual 
states occur at femtosecond timescales and energy is conserved in the process so the light 
is exactly frequency doubled.
13
 This allows SHG crystals to be also be used in tunable 
light sources.  
 
 
 
Figure 6.1 A) Two photon absorption process.  Electrons are excited to real states and emit 
as photoluminescence. B) Second harmonic generation where electrons are excited to a 
virtual state so the output photon is exactly 2ω and the process is very fast10. 
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6.2 Second Harmonic Generation in Nanowires and Nanobelts 
Nanowires (NWs) and nanobelts (NBs) have demonstrated themselves to be 
potential building blocks for nanoelectronic and nanophotonic devices, in particular to be 
a new platform for nonlinear optical devices
14
.  The integration of nonlinear optical 
signals may be a platform for optical computational components or light sources for on-
chip applications like biosesnors. SHG is particularly advantageous for on-chip 
applications because the light is frequency doubled, therefore the strong input single will 
not interfere with the on-chip signal. Although SHG has been extended from bulk to 
nanowire waveguides
15
, the interactions between the fundamental wave and the SHG 
signal in nanocavities must be better understood for the effective manipulation of the 
SHG output. Previously, external techniques or in-coupling accessories were required to 
assist in-coupling of the fundamental wave, such as external fabricated waveguides
16
 or 
coupling nanofibers7, which introduce additional fabrication and operational 
complexities. Here, we enabled the fundamental wave to be coupled into NB waveguides 
easily by the edge-scattering effect, which is light that scatters off the edge of the NB that 
can be in-coupled into the NB. We also studied the SHG process in NB waveguides by 
tuning excitation polarization and propagation length. We observed that the conversion 
efficiency of the SHG output was associated with several dominant factors, including in-
coupling efficiency of the fundamental wave due to edge-scattering, propagation length, 
phase matching and mode overlapping between the fundamental and the SHG 
waveguided modes in the NB. Interestingly, the SHG output can also be modulated easily 
and quickly via photocurrent by the increasing of temperature of the system, which 
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altered the phase mismatch (  ) in the waveguide between SHG and the fundamental 
wave.  The modulation amplitude was observed to be ~60% when current was changed 
from 0 to ~3104 A/cm2, thus demonstrating an electrically controlled modulator of SHG 
based on NBs. This may provide the ability to use SHG as a light source for on-chip 
detection and allow for easy modulation of the SHG signal.  
      In our experiment, we first investigated a CdS NB (Fig. 1a, width: W=6.2 m and 
thickness: T=0.23 m) whose c-axis was measured to be perpendicular to the NB’s long-
axis based on the SHG technique
8
 (fig 6.2a). The excitation laser is normally incident 
upon one of the edges of the NB waveguide (propagating in the y-direction), in-coupled 
into the waveguide due to edge-scattering and then propagated along the short-axis (or z-
axis). This acts as a planar waveguide in which the optical field is only confined in the y-
axis.  Based on the undepleted pump approximation (UPA), the SHG process in a loss-
free waveguide through the second-order nonlinear coefficient d31 can be described as
17
, 
         
      
       
    
        
         
                                          
where I,x and I2,z denotes the intensity of the fundamental wave with frequency ω (or 
ω) and SHG with 2ω, respectively. The phase mismatch between the fundamental and 
SHG modes is given by, 
2 2 ,                                                             (6.6) 
(6.5) 
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with the propagation constant of the waveguide mode, 2 2 , 2effn c    and 
,effn c   , which is associated with the effective refractive index 2 ,effn   and ,effn  
respectively. c is the speed of light in vacuum. The mode overlapping between the 
fundamental wave and the SHG signal is, 
/2
* *
, , 2 ,
/2
( ) ( ) ( ) ,
T
x x z
T
y y y dy     

                                          (6.7) 
Where T stands for the thickness of the NB waveguide. , ( )x y and , ( )z z y represents 
the transverse field profile of the x-component of fundamental mode and z-component of 
SHG mode, respectively.  
6.3 Waveguiding of Fundamental and Nonlinear Second Harmonic Light   
    If the fundamental wave is tuned to 1018.5 nm and illuminated on the NB’s center, 
SHG is only found at the excitation point (fig. 6.2b) and no observable SHG is detected at 
the edges (L and R).   
 
 
Figure 6.2 A) SEM image of CdS NB. θ described the angle of incidence with respect the 
the edge of the NB. The scale bar is 10 μm. B) SHG observed from center of NB at point C, 
no waveguiding is observed at the edges. C) Fundamental wave incident at point L and 
SHG observe at both point L and waveguided to point R. 
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However, if the fundamental wave is moved toward to one of edges or boundaries, for 
example the L-edge in fig. 6.2c, the SHG signal is observed at both the L-edge and the 
opposite edge (R-edge). If the fundamental wave is moved to the R-edge, SHG is also 
seen at the L-edge. We attribute this phenomenon to edge-scattering of the fundamental 
wave, that is, the fundamental wave can be strongly scattered and coupled into the NB 
waveguide through the edge of the NB and further excite SHG. The fundamental wave 
then propagates along the waveguide and meanwhile excites the SHG signal that co-
propagates along the waveguide and finally exits from the other edge (R-edge). Because 
of edge-scattering, the SHG signal is observed to radiate orthogonal to the scattering 
edges (fig. 6.3). This is why directional SHG occurs in very small NBs or NWs. 
 
 
      However, we must consider the possibility that the light observed at the R-edge in 
figure 6.2c is not waveguided fundamental and SHG light, rather it may be caused by 
multiphoton absorption induced photoluminescence (PL) or the SHG signal that is 
excited at the L-edge and then scattered to the R-edge through the waveguide or free 
space. In order to rule out these possibilities, we fixed the excitation laser (fundamental 
wave) at the L-edge and detected the light emission at the L-edge (our naming convention 
Figure 6.3 A-C) Optical images of directional edge scattering of SHG off different edges of 
a CdS NB. 
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is to call this L-L) and R-edge (L-R) at the different excitation wavelengths, 980 nm, 
1011nm and 1018.5 nm (fig. 6.4). At the excitation wavelength of 980 nm, the SHG 
signal is observed at ~490 nm and two photon absorption (TPA) induced PL is centered 
at ~503 nm at the L-edge (fig. 6.4a). At the R-edge, we observe two features, an 
unchanged SHG peak wavelength (~490 nm) and red-shifted PL with the central peak at 
~512.8 nm.  
 
 
 
 
 
 
Due to the high absorption coefficient in CdS near 490 nm (above the band gap), the 
SHG signal excited at the L-edge attenuates with the absorption coefficient of 15.4 /m18 
while propagating along the waveguide (6.2-um-long) and precludes significant SHG at 
the R-edge (further verified below by polarization dependent in-coupling efficiency).  
Figure 6.4 A) Measured spectrum from fundamental wave at 980 nm when the fundamental 
is at position L and SHG is measured at L (L-L) and when the fundamental is at position L 
and SHG is measured at R (L-R). The spectrum shows a strong two photon 
photoluminescence (PL) and SHG peak at L-L and a red-shifted PL peak and a weaker SHG 
peak at L-R. This indicates that PL is waveguided due to band edge absorption and that 
fundamental is also waveguided and excites PL at the R edge, otherwise it would be 
absorbed. B) Measured spectrum from fundamental wave at 1011 nm for position L-L and 
L-R. The spectrum at L-L shows one peak, much narrower that the PL peak in A, indicating 
it is just SHG. The L-R spectrum shows two peaks, which indicates that there SHG is being 
coupled to a cavity mode. C) Measured spectrum from fundamental wave at 1018.5 nm for 
position L-L and L-R. The spectrum for L-L shows a SHG peak with a clear shoulder, 
indicating the presence of a cavity mode. The spectrum at L-R shows a slightly red-shifted 
and narrower peak which is the SHG being completely coupled to the cavity mode. 
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Since the absorption coefficient of CdS dramatically drops from above to below the band 
gap19, the short spectral side of PL is more absorptive than the long side, and exhibits 
faster damping when propagating along the waveguide, consequently leading to 
significant red-shifted PL20, which rules out the possibility that light emitted from the L-
edge is scattered toward to the R-edge through the free space otherwise we would not 
observe red shifting. The unchanged peak wavelength of SHG was also indicative of the 
fundamental light waveguiding inside the NB and exciting SHG at the R edge.  When the 
excitation wavelength is tuned at 1011 nm, only SHG signal with the spectral width of ~4 
nm is observed at the L-edge, compared to the R-edge where the light emission red-shifts 
and splits (fig. 6.4b). Since the light emission at two edges exhibits the same polarization 
properties (discussed later) and the red-shifted peak is narrower than red-shifted PL at the 
R-edge (fig. 6.4a), the light emission at the R-edge can only be SHG. The peak splitting 
is due to waveguide mode cavities in this spectral region. Figure 6.4c shows the detected 
light emissions at the L-edge and R-edge when FW is tuned at 1018.5 nm. Compared 
with the red-shifted PL (512.5 nm) at the R-edge at 980 nm in figure 6.4a, the detected 
signal at the R-edge at 1018.5 nm in figure 6.4c is much narrower and peaks at ~510.8 
nm, which indicates that it is only SHG. Clearly at 1018.5 nm, the SHG signal at the R-
edge is narrower and red-shifts in contrast to the L-edge, and also matches the slight 
spectral shoulder (~510.8 nm) at the L-edge. This may result from the dramatic change in 
the absorption coefficient near the band gap and modulation of the waveguide mode 
cavity. It can be concluded that the SHG signal observed at the R-edge is generated and 
modulated in the NB waveguide where the fundamental wave propagates concurrently. 
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6.4 Polarization Dependence of SHG In-Coupling 
In order to understand the properties of SHG output at the R-edge (L-R), we tuned 
the fundamental wave to 1018.5 nm with the transverse electric (TE, θ=0°) field 
polarized along the NB (long-axis) or the transverse magnetic (TM, θ=90°) field 
perpendicular to the NB (fig. 6.5a).   
 
 
 
\ 
 
The SHG signal at the R-edge is polarized perpendicular to the NB or z-polarized (TM), 
which remains constant while the polarization at the L-edge rotated from TE to TM. This 
also indicates TE-type waveguide modes of the fundamental wave (TEω) are able to 
excite TM-type waveguide modes of SHG (TM2ω) through the second-order nonlinear 
coefficient d31. More interestingly, the SHG signal is observed to be strongest at the R-
edge (L-R) under TE excitation (θ=0°) and decreases gradually as the excitation angle (θ) 
Figure 6.5 A) Output SHG at R-edge of the NB when the fundamental wave polarization is 
fixed at 0° and polarization at the R edge is either at θ=0° (TE, black) or θ=90° (TM, red). 
Clearly the output SHG is TM polarized. This indicates that the TE polarized fundamental 
wave can excite TM polarized SHG in the NB. B) Spectrum at L-L and L-R as a function of 
fundamental wave polarization. At L-L (red) the strongest SHG is at 90° corresponding to 
the d33 component of  
    and much weaker at 0° corresponding to the d31 
component. This is in contrast to what we observe at L-R (black) where SHG is 
strongest at 0° and weakest at 90°. This helps confirm that the SHG measured from 
the R point is waveguided and not scattered, otherwise both the red and the black 
curve would follow the same path. Since in-couple is most efficient at 0°, L-R is 
strongest at 0°, even though it should be strongest due to the larger d33 component. 
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rises to 90° (fig. 6.5b). There is only a small observable signal under TM-excitation 
(θ=90°) where the largest nonlinear coefficient (d33) is involved. This observation is 
opposite from the response at the L-edge (L-L) where TM-polarized SHG signal exhibits 
the largest peak at θ=90°, and only a small secondary peak at θ=0° (d31) as well as the 
minimum (or dip) due to the opposite signs between d33 and d31
8
. We can attribute the 
polarization dependence of SHG at the R-edge to the in-coupling efficiency of the 
fundamental wave at the L-edge. The excitation laser can be coupled into the waveguide 
more efficiently under TE-excitation than under TM-excitation due to continuous 
boundary conditions.  
6.5 Experimental and Theoretical Study of Coherence Length and Mode 
Overlapping in a CdS Nanobelt 
      In order to study propagation length dependence of SHG, we investigated a tapered 
CdS NB with the thickness of ~700 nm (fig. 6.6a) by moving the fundamental excitation 
laser (tuned at 1036 nm) along the L-edge and detecting SHG signal at the R-edge (L-R).  
 
 
Figure 6.6 A) SEM image of tapered CdS NB. Scale bar is 10 μm. B) SHG as a function of 
propagation length, or different position measured along the tapered edge. The phase 
matching can be determined by fitter the curve with equation 6.5. 
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This enabled measurements at different propagation lengths. The detected SHG signal at 
the R-edge is plotted as a function of propagation length in figure 6.6b and fit by equation 
6.5. We can determine the phase mismatch between the fundamental wave and SHG to be 
β=2.08 /m, corresponding to the coherence length of lc=/β1.51 m. In order to 
understand these results, we calculated the mode distribution by utilizing a TE-polarized 
Gaussian beam at a wavelength of 1036 nm to illuminate the L-edge (fig. 6.7).  
 
 
 
Owing to the edge-scattering effect, light can be scattered into the waveguide and 
propagate. One of the waveguide modes that appears in this calculation, exhibiting three 
antinodes in the transverse electric field profile (which we will call TEω,3), appears to be 
more dominant, or excited more efficiently (fig. 6.7a). This is because a larger amount of 
momentums of scattered light can match that of higher order modes (e.g. TEω,3).  Then 
we put a dipole source in the waveguide and only extracted the pure electric field 
distribution of TEω,3, which clearly shows three antinodes (or maxima) in the transverse 
Figure 6.7 A) Simulated mode evolution (electric field) along the waveguide when a 
Gaussian beam at 1036 nm (TE) was incident upon one edge. B) Simulated electric field 
distribution of TE,3 with three antinodes in the y-direction. This simulation uses a dipole 
source in the NB. C) Simulated magnetic field distribution of excited SHG signal by TE,3 
in B, showing six antinodes (or maxima) in the y-direction (TM2,6). 
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profile (fig. 6.7b). Since SHG is only propagated through d31 in the waveguide, the TE-
type fundamental wave (TEω) can only excite TM-type SHG (TM2ω). Thus, from the 
electric field distribution of TEω,3, we further calculated magnetic field distribution of 
excited SHG signal in this waveguide by using FDTD. As shown in figure 6.7c, the 
excited SHG signal has six antinodes in the transverse magnetic profile (which we will 
refer to as TM2ω,6), which indicates that based on this simulation, TEω,3 is more likely to 
excite TM2ω,6. 
      In an attempt to better understand the results of the FDTD simulations and the mode 
interactions in our tapered belt we calculated the effective refractive index and field 
distribution of each waveguide mode of TEω (at 1036 nm) and TM2ω (at 518 nm). The 
NB waveguide is ~700 nm thick and can support several modes of TE-type fundamental 
wave, namely TEω,i (i=1, 2, 3), and several modes of TM-type SHG, namely TM2ω,j (j=1, 
26). Here subscript i (or j) stands for the number of antinodes in the transverse electric 
(or magnetic) field profile. From the calculated effective refractive index and transverse 
electric field distribution, we can obtain the coherence length (lc=/β) and mode 
overlapping () between TEω and TM2ω. The coherence length, half of the SHG 
oscillation period (fig. 6.6b), is a characteristic length within which the SHG signal 
continuously increases or decreases. If the phase matching is satisfied (β=0), the 
coherence length will be infinite and the nonlinear interaction will be very efficient. In 
figure 6.8a, the best phase matching, or longest coherence length, is observed between 
TEω,1 and TM2ω,4, TEω,2 and TM2ω,5 and TEω,3 and TM2ω,6. In figure 6.8b each TEω 
mode has poor mode overlapping with odd-order TM2ω modes (TM2ω,1, TM2ω,3, and 
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TM2ω,5) while exhibiting good mode overlapping with even-order TM2ω modes (TM2ω,2, 
TM2ω,4, and TM2ω,6).  
 
 
 
When we consider the phase matching and mode overlapping simultaneously by 
assuming the SHG amplitude is proportional to lc (or /β in Eq. (6.4)) we see that each 
TEω mode selects one TM2ω mode (fig. 6.8). The TEω,1 mode is more likely to excite the 
TM2ω,2 mode with good mode overlapping (fig. 6.8b). For the case of the TEω,2 mode, 
the TM2ω,2 and TM2ω,4 modes are both excited more efficiently owing to good mode 
overlapping (fig. 6.8c). Although the TM2ω,5 mode exhibited good phase matching with 
the TEω,2 mode, poor mode overlapping eventually resulted in weak SHG radiation. 
Under the excitation of the TEω,3 mode, the TM2ω,6 mode was dominant over others 
owing to its good phase matching and good mode overlapping (fig. 6.8c). Note that the 
calculated coherence length is ~1.78 m between the TEω,3 mode and the TM2ω,6 mode 
(fig. 6.8a), which is close to our measured coherence length(~1.51 m). For simplicity, 
Figure 6.8 A) Coherent length (lc) for different FW and SHG waveguide modes. B) Mode 
overlapping () for different FW and SHG waveguide modes. C) SHG amplitude (lc) for 
different FW and SHG waveguide modes. While other combinations of TE and TM modes 
may give a larger coherence length or better mode overlapping, only when they are both 
strong will SHG be stronger at in the case of TEω,3 and TM2ω,6. The excitation wavelength 
was tuned at 1036 nm. 
 
137 
 
we don’t consider the absorption by noting the SHG wavelength (~518 nm) is below the 
band gap (~505 nm) of CdS. 
6.6 Modulation of Second Harmonic Generation via Photocurrent Induced Heating 
In addition to generating coherent light efficiently, modulating this light signal through 
the nonlinear process will be of practical interests and greatly extends its functionality for 
on-chip optical modulation. For this purpose, we fabricated a CdS NB device (Width: 5.6 
m; Thickness: 0.35 m) with Ti/Au contacts (inset of fig. 6.9a) and studied SHG 
response to the photocurrent excited by an Argon laser.  
 
 
 
Figure 6.9 Photocurrent modulated SHG output at the R-edge (L-R). A) SHG output when 
Ar
+ 
laser was switched ON and OFF while the device was at 0 V. No change is seen in the 
SHG signal. Inset: Illustration of the device. B) SHG output as a function of photocurrent. 
Photocurrent in either direction leads to a reduction in SHG. C)  SHG and current 
modulation by switching Ar+ laser ON/OFF with the bias voltage of 10 V. The SHG signal 
is modulated by the change in photocurrent. (d) Photoluminescence redshift in response 
with photocurrent, indicating heating taking place inside the NB. This can cause a change in 
the phase matching conditions in the NB and leading to a reduction in SHG. 
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The Argon laser power was ~135 W and the wavelength ~458 nm. In this device, the 
photocurrent flows along the long-axis (or x-axis) and the SHG signal is waveguided 
along the short-axis (or z-axis). In order to reduce PL noise (500~520 nm) excited by the 
Argon laser, which may affect detected SHG signal, we studied SHG signal at 523 nm by 
tuning the fundamental wave at 1046 nm and shining it on the device far from the region 
where the Argon laser excites photocurrent and PL. As shown in fig. 6.9a, when the 
device is at 0 V bias (when there is no current), no SHG change is observed at the R-edge 
when the Argon laser is switched on and off. However, when the forward bias voltage is 
increased with the Argon laser on, the current through the device rises and the SHG 
output detected at the R-edge falls accordingly (fig. 6.9b). At the current of 3104 A/cm2, 
the SHG signal is changed by ~60% compared with that at 0 V. Similar behavior is also 
observed when the a reverse bias voltage is applied to the device. 
      The current present in the device consisted of both photocurrent (photo-excited 
carriers driven by the applied voltage) and free-current (free carriers driven by the 
applied voltage). To clearly evaluate the contribution of photocurrent, we fixed the bias 
voltage at 10V and monitored the time-varying SHG signal at the R-edge for several 
minutes within which we switched the Argon laser on and off several times. As shown in 
fig. 6.9c, when the Argon laser is switched off (time A to B), the current through the 
device is only free-current, ~ 0.87104 A/cm2, at the 10 V bias, and the SHG output is 
assumed to be at a highest level (initially 1 or 100%). When the Argon laser is turned on 
(B to C), the current increases up to ~2.6104 A/cm2 suddenly and the at the same time 
the SHG output falls down to ~ 50% its initial value. In this process, the efficient 
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generation of photocurrent significantly changes the total current inside the device and 
subsequently results in the drop of the SHG output. From time C to D in figure 6.9c the 
current increases slightly as the Argon laser is kept on, while concurrently the SHG 
output goes down slightly. When the Argon laser was turned off from time D to E, the 
current dramatically decreases while SHG output jumps (~66%). Between time  E and F 
photo-excited carriers generated by the Argon laser are gradually depleted through 
recombination, and the total current goes down slightly, which modulates the SHG output 
from ~66% (at E) to ~80% (at F).  Similar SHG response is also observed in the 
subsequent cycles (from F to G) of tuning on and off the Argon laser. It takes several tens 
of seconds (from G to H) for the current and SHG output to resume their initial states (at 
A) after turning off the Argon laser. This slow response is likely due to the internal 
capacitance in the device. Therefore, we have demonstrated that the SHG output at the R-
edge can be easily and quickly modulated by 60% via photocurrent. 
      In order to understand the underlying mechanism of modulating SHG, we measured 
PL spectrum at different currents. As shown in figure 6.9d, PL red-shifts and becomes 
weak with the increasing of the current. The red-shifted PL observed here is attributed to 
a current-induced thermal effect, that is, temperature will rise with increasing current21, 
then leading to the red-shifted PL. Therefore, the effective refractive index of the 
waveguide modes increases when current is applied18. Note that the material’s refractive 
index exhibits more dramatic changes versus temperature near exciton resonances rather 
than off-resonance20. The refractive index of the SHG signal (at 523 nm, near the exciton 
resonances) changes more than the index at the fundamental wave (at 1046 nm, off 
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resonance) when temperature is elevated via photocurrent. As a consequence, the phase 
mismatch between the waveguide modes became worse. To confirm that heating is 
reducing the SHG output as opposed to photocuurent we directly heated the device from 
300 K to 340 K (figure 6.10).  We clearly observe that the output SHG signal at R goes 
down as the device is heating.  
 
 
Note that the current has also been observed to change second-order nonlinear 
coefficients and modulate the SHG signal22. However, in that case, the current density in 
their device was much larger (~10
6
 A/cm
2
) while current-induced SHG was only 
modulated by ~0.1% compared with the total SHG (or surface SHG).  In contrast, the 
total current in our device is only ~10
4
 A/cm
2
, which may not induce significant change 
of the second-order nonlinear coefficient (
(2) ). Therefore current modulated phase 
mismatch in the waveguide is a dominant factor to control SHG output at the R-edge 
rather than current induced change of 
(2) .  
Figure 6.10 SHG measured at the R edge as the temperature controlled by a heater is 
increased from 300 to 340 K. The SHG is observed to go down confirming our earlier 
hypothesis that the photocurrent induced heating is cause a change in SHG and not the 
current itself.  
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6.7 Summary and Conclusions 
In summary, we have studied SHG waveguiding in the CdS NB and modulated SHG 
output by ~60% via photocurrent. The in-coupling efficiency due to the edge-scattering 
effect was polarization-dependent and became more efficient if the excitation light was 
polarized along the edge of the NB. The conversion efficiency in the waveguide was also 
related to waveguide modes of the fundamental wave and SHG, which determined the 
phase mismatch (or coherence length) and mode overlapping.  
6.8 Future Work 
While most of my previous work has been attempting to fabricate and couple 
optical components completely on chip, there is a unique potential for waveguided SHG 
to be used as an optical probe for on chip detection. Similar to the proposed experiments 
in chapter 5, where I would like to incorporate a microfluidic device around my on-chip 
absorption spectrometer, here too it would be possible to couple a self-aligned CdS 
waveguide and on-chip photodetector to a microfluidic chip to perform similar absorption 
measurements (fig. 6.11). While it would be ideal to have both the emitter and detector 
on-chip, SHG light provides a unique advantage. As mentioned earlier, SHG transitions 
are between virtual states, not electronic states, therefore the SHG can be used to probe 
many different wavelengths. While a tunable laser coupled to a waveguide may be able to 
provide a similar function, since the SHG is frequency doubled, so there would be little 
background noise in an on-chip photodetector from the input beam. This would allow for 
low background noise measurements.  
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Using the phase matching and mode overlapping conditions outlined in this work, it 
would be possible to design a CdS cavity that could efficiently in-couple light, waveguide 
it along the belt and emit it into a self aligned gap. As samples flow through, a more 
complete absorbance can be collected. This device would also utilize a Schottky detector 
for fast and low noise optical measurements. Additionally, fabrication would be possible 
on an oxide coated substrate, making fabrication significantly easier.  
 
 
 
 
 
 
 
 
 
Figure 6.11 Illustration of on-chip CdS NB device using SHG to measure absorption. In-
couple waveguided fundamental light can be frequency doubled and used as a light source. 
Using frequency double light has the advantage that the input beam is at a different 
wavelength than the output, allowing the laser not to interfere with the detector. 
Additionally, SHG can be tuned to multiple wavelengths so a multi-wavelength absorption 
can be collected. 
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CHAPTER 7 CONCLUSIONS AND FUTURE DIRECTIONS 
 
In this thesis we have outlined a strategy to enable on-chip optoelectronic devices 
on bulk silicon. This work helps identify the material challenges using cadmium sulfide 
nano-structures as heterojunction emitters and photodetectors on bulk Si, by 
understanding the how the electronic properties of these structures affect the overall 
performance and efficiency of these device. This work also helps identify a number of 
engineering and fabrication challenges involved with building bottom-up devices using 
nano-strucutres, including the alignment of nano-structures, the challenges of 
topologically diverse samples and metal deposition, and most importantly effects of 
crystalline damage to device performance. In Chapters 2-4 we attempt to overcome these 
significant challenges through a number of unique fabrication techniques which enabled 
the fabrication of the first ever self-aligned on-chip coupled emitter and detector. In 
Chapters 5 and 6 we attempted to use the principles and fabrication techniques to attempt 
to tackle similar and relevant problem relating to nanodosimetry and nonlinear optics for 
on-chip optoelectronic detection using second harmonic generation. While this has made 
steps toward the realization of completely on chip optoelectronic devices, there are still 
many avenues to push this work closer to achieving that goal.  
7.1 Reduction of Heating in CdS at High Currents by Tunnel Injection 
In Chapter 3 we discovered that device failure was often due to the intense 
heating at high currents. If we revisit the Si-CdS heterostructure band diagram in figure 
3.1, it is apparent that there is a large valence band mismatch between Si and CdS. 
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Ideally, semiconductors with similar band structures are used for LEDs, as in the case of 
GaAs and AlGaAs
1
, or InGaN and GaN
2 
to confine carriers to a specific electronic region 
for optimal recombination efficiency. The valence band mismatch between Si and CdS is 
more than 2 eV. This means that a tremendous amount of energy is required to allow 
holes to flow from Si to CdS. These high energy carriers may be generating the high 
heating that I observe. It would make sense that these carriers can damage the structure 
and reduce the radiative decay rate in favor of new non-radiative pathways. One strategy 
to reduce energy required to allow for hole injection into CdS and therefore reducing the 
amount of heating in these devices is by fabricating a tunnel diode.  
Zimmler et al. reported that for ZnO NW – Si heterostructures, EL was only 
observed if an oxide was present between the two layers
3–5
. The ZnO NW – Si 
heterojunciton has is similar to Cds – Si, although the valance band mismatch is even 
larger, at 2.5 eV. They explain that there is not sufficient energy for holes to be injected 
from Si into ZnO (fig. 7.1a). If, on the other hand, there is an oxide between the two 
semiconductors (roughly 7-8 nm), with sufficient applied bias, holes can tunnel through 
the oxide directly into the ZnO valence band (fig. 7.b). Only under these conditions do 
they see EL. Moreover, the required current to observe EL is significantly lowered 
compared to when there is no oxide. They mention that even at 1 mA no EL is observed 
if there is not oxide layer, but when the oxide is present, EL can be observed at 1 μA. 
Using the same structure for CdS NBs may also allow me to avoid these high heating 
problems.  
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7.2 Plasmonic Enhancement of CdS Nanowire Light Emitting Diodes 
Another possibility to enhance emission in CdS is to engineer more effective light 
matter coupling by designing a plasmonic cavity structure. The aid of plasmonics have 
allowed enhancement of PL and EL in a number of systems including bulk Si
6–10
. CdS 
NWs in particular have been shown to demonstrate plasmonic lasing as well as hot 
exciton emission by coupling structures to plasmonic cavities (fig. 7.2). While a full 
description of the theory is out of the scope of this thesis, the general principle relies on 
the Purcell effect. This effect describes the radiative decay rate for optical emitters
11
. The 
Purcell factor is given as: 
 
  
 
  
   
 
  
  
  
Figure 7.1 A) ZnO – Si side view structure and equilibrium band diagram. B) ZnO side view 
structure and equilibrium band diagram when there is an oxide layer in between ZnO and Si. 
Holes can directly tunnel into ZnO from Si with the addition of an oxide layer
5
. 
(7.1) 
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Where   is the spontaneous emission rate,    is the spontaneous emission rate in free 
space, Q is the quality factor,   is the wavelength, and    is the mode volume. This factor 
describes the enhancement in spontaneous emission rate. It is has been shown in our 
group that a plamonic cavity coupled to active emitter can generate high field 
enhancements in very localize regions. Hence, the plasmonic cavity is able confine the 
electromagnetic mode into very small volumes. As the effective mode volume decreases, 
the Purcell factor goes up and an enhancement in radiative emission is observed. This 
enhancement can be as large are 10
3
 in CdS (fig. 7.2f). In order to obtain such high 
Purcell factors an electronically resonant cavity is required, which will require a specific 
NB or NW size to achieve. 
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While a plasmonic structure primarily helps reduce the effective mode volume 
(Vm), a metallic cavity can serve other important functions. The quality factor Q is a 
measure of how well light is confined inside a structure. Enclosing an optical emitter in a 
an effective mirror will help confine and direct light in a particular direction, which is 
how lasers essentially work. From the Purcell factor we see that increasing the quality 
factor should also help radiative emission.  
While a Purcell enhancement could help a CdS NB LED, another benefit of from 
a plasmonic cavity, may be the large heat sink introduced by a thick metal coating. As 
Figure 7.2 A) Structure of plasmonic CdS cavity. B) Different decay pathways for normal 
excitons and hot excitons in CdS. C) Simulated magnetic field distribution inside photonic 
CdS NW and D) plasmonic NW (d =140 nm). E) Time-resolved integrated emission intensity 
for plamonic and F) photonic NWs. Plasmonic NWs have a 10
3
 enhancement in their decay 
time over photonic wires
9
. 
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mentioned earlier, the failure of these devices seems to largely be due to heating effects 
since at low biases (and currents) the IV measurements show near ideal behavior for 
diodes where recombination dominates. Since and CdS Si effectively absorb ~500 nm 
light that is emitted by the LED, high intensities are required to observe emission outside 
the structure. A large heat sink would allow the use of higher currents without melting the 
device. With the different avenues presented to ameliorate the current problems in these 
LED structures, it is likely that an effective solution can be found.  
7.3 Other Material Systems 
Another possibility for fabricating on-chip light sources is using other 
semiconductor materials. Nano-structures have also been grown using CdTe
12
, CdSe
13
, 
GaAs
14
, and InP
15
 with band gaps much more closely aligned to Si (1.56 eV, 1.70 eV, 
1.42 eV, 1.35 eV)
16
. Si heterojucntions with these structures would enable efficient 
electron and hole injection between these materials and possibly enhance the overall 
device performance.  
7.4 On-Chip Integrated Photonic Measurements in Fluidic Environments 
The vision of the work presented in this thesis is for its eventual use for on-chip 
absorption measurements of a relevant target samples like exosomes, viruses and 
mitochondria. While the most complex part of the problem has already been solved 
throughout the course of this thesis, the final challenge that remains is to integrate these 
self-aligned emitter detector devices with microfluidics for completely on-chip 
measurements. Outlined at the end of chapter 4 is a strategy for the electronic insulation 
of these devices. Preliminary work has already been done to effectively passivate the 
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device. Once the device is tested to verify that it can operate after oxide deposition as 
well as in aqueous environments, a polydimethyl siloxane (PDMS) microfluidic channel 
will be place on the device. The microfluidic chip will be made in collaboration with the 
Issadore Group at UPenn that has extensive experience with microfluidic fabrication, 
alignment and coupled electronic and fluidic measurements. Inlet and outlet holes will 
then be made in the PDMS and a syringe pump can control the flow into the device. The 
microfluidic channel will be aligned perpendicular to the direction of the gap along the 
etched region in the SOI substrate. Figure 7.3 depicts the architecture of the device and 
the expected measurements that we can collect. Each analyte that passes through the CdS 
device will absorb light differently, corresponding to different measured photocurrents in 
the detector. This is the fundamental principle of optical microscopy.  
Optical absorption spectroscopy is one of the most common types of 
spectroscopy. It is primarily used to quantify specific components in solutions by 
optically absorption using Beer's Law. Most materials absorb some light, and the degree 
to which they absorb light is a function of the wavelength of the light. Light with the 
initial intensity Io incident upon a sample of path length L undergoes a loss in intensity 
upon passing through the sample due to absorption. The intensity measured after passing 
through a sample is I. I is related to Io by the following relation, I = Ioe
-αL
, where α is the 
absorption coefficient, typically expressed in units of cm
-1
. Absorbance units are useful 
when working with Beer's Law, which states that the absorbance of a solution is 
proportional to the concentration, C, of the absorber in that solution: A= εlC, where A, 
Absorbance is a dimensionless quantity defined as A = -log10T, and T is the transmission 
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(7.1) 
(7.2) 
of the sample defined as I/I0, a quantity which is measured by most spectrometers, and ε 
is the molar absorption coefficient. Therefore, by taking the ratio of the measured 
response from a detector with and without the sample, absorbance is calculated, and its 
wavelength dependent absorption provides information about the concentration of the 
sample. This relationship has to be modified with respect to the specific detector and the 
photoconductive gain in the system. Since there is intrinsic gain between 1 and 100 in the 
detector, the transmission coefficient that is measured must be proportional to the gain 
(  ) in the detector.  Taking into account that we are measuring photocurrent to 
determine the transmission of light we must determine how much photocurrent is 
measure do to light with intensity I. The photocurrent can be given by the expression: 
      
 
 
   
Where q is the charge of an electron,   is the internal quantum efficiency, and A is the 
area of the device excited by light. Taking into account the initial photocurrent (    ) 
measured compared to the photocurrent measure after the absorption of some sample 
(    ) we can rewrite the absorption equation as: 
           
 
  
       
    
    
  
This can allow us to quantify the absorption of the sample, and therefore the 
concentration of that sample.  
   We will initially demonstrate the proof-of-concept optical absorption functionality 
at the nanoscale with single NB LED-photodetector based spectrometers. In our 
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experiments the NB-LED will emit light in the “gap” and will excite optically absorbing 
chromophores introduced into the microfluidic channel by pressure driven flow. The 
absorption of light by the chromophores at the NB photodetector will be detected as a drop 
in the measured photocurrent compared to a control with no chromophores. Therefore, by 
taking the ratio of the measured response from a detector with and without the analyte, the 
analyte’s absorbance (and concentration) can be approximated by eq. 7.2. The 
chromophore that we propose to use for proof-of-concept experiments will be Rhodamine-
560 (abs λmax 506 nm, CdS emission max ~ 510 nm) dissolved in methanol for initial 
demonstration, which is chosen to maximize the overlap of their absorption with the NB 
emission. Calibration of the single-wavelength device will then be done by flowing 
chromophore solutions with known concentrations. The limit of sensitivity will be studied 
as a function of NB waveguide dimensions, group velocity of the mode and nanogap size. 
According to Beer’s Law above, absorption is inversely proportional to path length, 
therefore, we expect a smaller absorption with decreasing gap size. This actually works in 
our favor for our devices since the intensity of the LED is low and the photodetector is 
very sensitive. We should in principle be able to measure very low concentrations of target 
samples. 
154 
 
 
 
Eventually this concept can be extended to other wavelengths using other semiconductors 
nano-strucutres. NWs with different bandgaps (and dyes such as, Exalite-392E (abs λmax 
336 nm, ZnS emission max ~ 340 nm), and IR746 (abs λmax 742 nm, CdSe emission max 
~ 735 nm) dissolved in appropriate solvents) will be assembled to produce LED light at 
different wavelengths to provide broader spectral information, although at different 
spatial locations initially. Since the NW light sources and detectors will be in close 
proximity to each other due to our unique device fabrication scheme, absorption 
characteristics at different wavelengths can be obtained. Due to the spectral information 
that can be obtained using our unique device structure, the chemical sensing can be 
simultaneously performed over multiple analytes, provide a better spectroscopic map and 
lead to more sensitive and specific detection. These devices are not meant as 
replacements for current optical spectroscopy, rather these devices may allow optical 
spectroscopy to be performed on the nanoscale without the need to large and expensive 
bulk lasers and photodetectors.   
 
Figure 7.3 A) Illustration of self-aligned device embedded in PDMS microfluidics. Samples 
can flow through the alignment emitter detector to measure absorbance. B) Expected data that 
we can collect for samples with different concentrations.   
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